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Abstract
This thesis focused on the development and analysis of a new class of magnetic
fluids for recovery of recombinant proteins from fermentation broth. Magnetic fluids are
colloidally stable dispersions of magnetic nanoclusters in water that do not settle
gravitational and moderate magnetic fields due to their small size. The magnetic
nanoclusters possess large surface area for protein adsorption without any porous
structure, resulting in much faster mass transfer than in traditional separations.
The magnetic nanoclusters consist of 25-200 nm clusters of 8 nm magnetite
(Fe30 4) cores coated with poly(acrylic acid-co-styrenesulfonic acid-co-vinylsulfonic
acid). For use in separation, clusters must be recoverable from solution. Individual
nanoparticles are too small to be recovered efficiently, while 50nm or larger clusters of
primary particles are easily recovered. Cluster size depends on polymer molecular
weight and hydrophobicity as well as the amount of polymer present at nucleation. When
a polymer coating with optimal molecular weight is used in limited amounts, clusters are
formed. When the clusters are subsequently coated with additional polymer, the clusters
are stable in high ionic strength environments (>5M NaCl), while retaining the necessary
cluster size for efficient magnetic recovery. Models have been developed to predict the
optimal molecular weight, and the cluster size obtained with limited amounts of polymer
or polymers other than the optimal molecular weight. The models and methods have
been verified with other polymer coatings, indicating that the methods can be used to
synthesize a wide range of stable nanoclusters.
Due to rapid mass transfer, the rate-limiting step of the purification scheme is
recovery of the nanoclusters from solution with high gradient magnetic separation
(HGMS). The nanoclusters can be recovered extremely efficiently, up to 99.9% at high
flow rates, up to 10,000 cm/hr. A detailed model of HGMS has been developed to
quantitatively predict capture, and simpler methods have been developed to predict the
maximum capture and capacity of the column without computationally expensive
simulations.
The use of the nanoclusters for protein purification was studied both with model
proteins the recombinant protein drosomycin from Pichia pastoris fermentation broth.
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The nanoclusters have high adsorptive capacities of up to 900 mg protein/mL adsorbent,
nearly an order of magnitude higher than the best commercially available porous
adsorbents. Adsorption can be performed both by ion exchange and hydrophobic
interactions, allowing nearly pure drosomycin to be recovered from clarified fermentation
broth in a single step. When used in whole cell broth, the nanoclusters bind to proteins
on the surface of the Pichia pastoris cells at conditions where drosomycin is bound,
limiting the effectiveness of the separation. When proteins are bound at conditions where
nanoclusters do not bind to cells, cell clarification and protein purification can be
performed in one fast step. A simple model of the cell binding has been developed,
providing guidelines for use of magnetic nanoparticles in the presence of cells.
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Thesis Supervisor: Daniel I.C. Wang
Title: Institute Professor
Thesis Supervisor: Paul E. Laibinis
Title: Associate Professor of Chemical Engineering, Rice University
4
Acknowledgements
Completing a Ph.D. program is a long and difficult process that requires a lot of
help and support. I have been lucky enough to work with many talented and helpful
people along the way. First I would like to thank my advisors, Alan Hatton, Daniel
Wang and Paul Laibinis. Your guidance, focus, experience and, most importantly,
interest throughout the project were essential to its success, and the freedom that you
allowed me during the project has made me a much better researcher. I would also like to
thank my thesis committee members, Charles Cooney and Paula Hammond for their help
and fresh perspective in and out of committee meetings, and Robert Cohen for both his
interest in this project and for his vision in creating the Ph.D. in Chemical Engineering
Practice program that brought me to MIT in the first place. Finally I would like to
acknowledge the funding that I have received during my time here, the project funding
from the DuPont MIT Alliance and my first year funding from the Sluder fund.
I also need to thank the many people who have helped me throughout my time
here at MIT. I think the hardest part of any graduate program is the first year, and
without my office mates, in particular Samual Ngai, Daryl Powers and Debbie Tan, it
would have been a lot more difficult. Many people have helped the research in this
thesis. I would like to thank Geoff Moeser, for showing me how to do many of the
experiments I used in this project, and for his eagerness to help with my many random
questions, Jin Yin for his help with fermentation and with all the biotech aspects of this
project, Simon Lindenmann for gathering the majority of the data in Chapter 3 and his
discussions on HGMS, Sunil Jain and Mariam Kandil for their assistance in many of the
experiments throughout the thesis, Harpreet Singh and Yuki Yanagisawa for their
assistance with the TEM measurements, Vikram Sivakumar (MIT CMSE) for gathering
the VSM data, Brad Cicciarelli for many insightful conversations, Lino Gonzalez for his
help in modeling, and Brian Baynes both for his guidance as a practice school director
and for his many insights on research. I would also like to thank all the members of the
Hatton, Wang and Laibinis labs for many fun times both in and out of lab. Finally I
would like to thank all the people who keep this department running so smoothly,
particularly Beth Tuths, Suzan Lanza, Suzanne Easterly, Jennifer Shedd, Mary Keith, and
Anne Fowler.
Most importantly, I need to thank the people that have helped me become the
person I am today: my parents Walt and Phyllis Ditsch, for their love and guidance
throughout my life, specifically for having very high standards for me and my siblings
while providing all the help and understanding needed along the way. I would also like
to thank my sister, Karen Ditsch, for her insight and quick wit that always keep me
honest and thinking, and my brother, Mark Ditsch, for being more like me than anyone
else in the world, yet different enough to always provide new perspectives, and both for
their success that gave me a hard act to follow, but also the knowledge of what I was
capable of if I worked as hard as they did.
5
6
Table of Contents
Chapter 1:Introduction ...................................................... ................ 21
1.1 Motivation and Approach ...... ........................................................ 21
1.2 Background: Protein Purification .................... .. ..... ........................... 24
1.2.1 Overview of Downstream Processing ..................................... 24
1.2.2 Cell Clarification ................... ................... ....................... 25
1.2.3 Chromatography ................................................ .............. 26
1.2.4 Integrated Methods ................... ................... .............. 30
1.2.5 Size Trade-offs and need for Single-phase Operation ................. 32
1.3 Background: Magnetic Fluids .......................................................... 34
1.3.1 Composition and Structure .............................. .............. 34
1.3.2 Magnetic Fluid Synthesis .................................................... 36
1.3.3 Stabilization in Dispersion medium ........................................ 38
1.3.4 Applications of Magnetic Fluids ...................................................... 40
1.4 Background: Magnetic Separation .................................................................. 44
1.4.1 Types of Magnetic Separation ......................................................... 44
1.4.2 High Gradient Magnetic Separation ................................................ 44
1.4.3 Magnetic Fluids and HGMS ............................................................ 45
1.5 Magnetic Fluid Requirements for Large-Scale Protein Purification .............. 45
1.5.1 Scalable materials and synthesis procedures ................................... 46
1.5.2 Controlled aggregation..................................................................... 46
1.5.3 Suspension stability ............................................................... 47
1.6 Research Overview ......................................................................................... 47
1.7 Bibliography ........................................ ....................... 48
Chapter 2: Controlled Clustering and Enhanced Stability of Magnetic
Nanoparticles ....................................................... 58
2.1 Introduction . .............................................................. 58
2.1.1 Basic requirements of synthetic procedure .... ........................... 58
2.1.2 Clustering and stability ............................................................... 60
2.1.3 General usefulness ........................................ ....................... 62
2.2 Experimental ............................................................... 63
2.2.1 Materials ....................................... ................................................... 63
2.2.2 Polymer synthesis ....................................... ..................................... 63
2.2.3 Particle synthesis.............................................................................. 65
2.2.4 Molecular weight determination ...................................................... 66
2.2.5 Dynamic Light scattering................................................................. 67
2.2.6 Electron Microscopy Measurements ................................................ 67
2.2.7 Vibrating Sample Magnetometry (VSM) measurement . ................. 68
2.2.8 Zeta Potential Measurement ............................................................ 68
2.2.9 Stability Determination ............................................................... 68
2.3 Characterization Results ........................................ ....................... 69
2.3.1 Polymer characterization ................................................................. 69
2.3.2 TEM Results ........................................ ........................... 70
2.3.3 VSM Results .................................................................................... 72
7
2.3.4 Zeta Potential Results ........................................................ 74
2.4 Clustering of Nanoparticles ........................................ ................ 76
2.4.1 Effect of Primary Polymer Molecular Weight on Cluster Size and
Stability ............................................................................................ 77
2.4.2 Stability of Nanoparticle Clusters Formed With Excess Polymer... 78
2.4.3 Effect of Attachment Group Density ............................................... 81
2.5 Cluster Stability and Requirement for Secondary Polymer ............................ 83
2.5.1 Effect of Secondary Polymer Addition . ............................... 83
2.5.2 Stabilization of large clusters by secondary polymer; the requirement
for decoupling clustering and stabilization steps ............................. 86
2.6 Analysis of Clustering and Stability ........................................................ 86
2.6.1 Particle interaction energies ......................................................... 87
2.6.2 Layer thickness required for Stability -Attractions between layers. 88
2.6.3 Effect of molecular weight on . ...................................... 90
2.6.4 Clustering Model with limited polymer. ................................ 91
2.6.5 Cluster size prediction below Xmi . ........................................ 94
2.6.6 Cluster Size from Bridging .............................................................. 96
2.7 General method of synthesizing stable clusters ......................................... 101
2.8 Application to other polymer systems ....................................................... 102
2.9 Conclusions ............ ...................................................................... 104
2.10 References ............................. ................................. 105
Chapter 3: High Gradient Magnetic Separation of Magnetic
Nanoclusters ...................................................... 108
3.1 Introduction .............................................................. 108
3.2 Experimental ............................................................................................... 110
3.2.1 Materials .............................................................. 110
3.2.2 Particle Synthesis ........................................ ...................... 110
3.2.3 HGMS Procedure .............................................................. 110
3.3 HGMS Modeling .............................................................. 112
3.3.1 Overview of Model and System .................................................... 112
3.3.2 Buildup Limits .............................................................. 114
3.3.3 Adaptation to Fractal Aggregates .................................................. 115
3.3.4 Fractional Capture and Effect of Buildup ...................................... 117
3.4 Magnetic Filtration Experiments .............................................................. 120
3.4.1 Batch Filtration of Clustered and Bridged Aggregates .................. 120
3.4.2 Breakthrough Experiments ............................................................ 121
3.4.3 Overview of variables studied ....................................................... 121
3.4.4 Effect of column height, velocity and cluster size on capture ....... 122
3.4.5 Effect of Ionic Strength .............................................................. 125
3.4.6 Effect of Magnetic Field .............................................................. 127
3.4.7 Effect of Concentration .......... ......... ........ .................... 129
3.4.8 Effect of Packing Density .............................................................. 130
3.4.9 Removal of small nanoclusters to improve recovery ..................... 130
3.5 Simulation Results .............................................................. 133
3.6 Correlations and Approximate Behavior ...................................................... 137
8
3.6.1 Upper limit of capture in diffusion limit ........................................ 137
3.6.2 Capacity of capture above diffusion limit ...................................... 143
3.6.3 Optimization ........................................................ 146
3.7 Conclusion ........................................................ 148
3.8 References ........................................................ 150
Chapter 4: Protein Purification .................................................. 152
4.1 Introduction ........................................................ 152
4.2 Experimental methods ........................................................ 153
4.2.1 Materials ........................................................ 153
4.2.2 Particle Synthesis ........................................................ 154
4.2.3 Protein Binding experiments ........................................................ 154
4.2.4 Pichia pastoris Fermentation ........................................................ 155
4.2.5 Drosomycin Binding Experiments ................................................. 156
4.2.6 Cell Binding Experiments ........................................................ 158
4.3 Model system Results ........................................................ 158
4.3.1 Protein Adsorption ........................................................ 159
4.3.2 Hydrophobic binding ........................................................ 161
4.3.3 Fluid Reusability ........................................................ 163
4.3.4 Large scale run and concentration ................................................. 165
4.3.5 Model fermentation broth ........................................ ................ 166
4.4 Application to Fermentation system ........................................ ................ 167
4.4.1 Fermentation results ........................................................ 168
4.4.2 Drosomycin Purification ........................................ ................ 170
4.4.3 Cell Binding ....................... ................................. 182
4.4.4 Lysozyme Purification from Unclarified Broth ............................. 190
4.5 Conclusions ................................................................................................... 191
4.6 Bibliography ........................................................ 192
Chapter 5: Conclusion .................................................. 194
5.1 Summary of Research ........................................................ 194
5.2 Comparison with Current Methods ........................................................ 196
5.3 Future Research Directions ...................... ............................................... 199
5.4 Bibliography ........................................................ 201
PhD CEP Capstone Project - Commercialization of Magnetic
Nanoclusters for Adsorptive Separations .............................................. 202
Appendix A - Virus Clearance with Magnetic Nanoclusters ................. 256
9
List of Figures
Figure 1-1. A process using functionalized magnetic nanoparticles as separation
agents to purify recombinant proteins from fermentation broth. Magnetic
nanoparticles are added to fermentation broth and proteins are adsorbed on the
surface. The mixture is then magnetically filtered with undesired material washed
away and magnetic fluid and protein retained. The protein can later be desorbed from
the particles and recovered in another magnetic filtration step (not shown) ....................23
Figure 1-2. General structure of a magnetic fluid. Magnetic fluids consist of
magnetic nanoparticles, often magnetite, dispersed in a liquid medium, with a
stabilizing layer around the particles to prevent flocculation ...........................................35
Figure 2-1. Polymer synthesis. The monomers are mixed in aqueous solution with
potassium persulfate as a free radical initiator, and sodium metabisulfite as a chain
transfer agent. The result is a random copolymer in which hydrophobicity (styrene
sulfonic acid), attachment density (acrylic acid) and molecular weight can be
independently tuned ............................................................... ...........................................64
Figure 2-2. Amphiphilic graft copolymer synthesis. The graft copolymers are
synthesized by attaching amino-terminated PEO and PPO side chains to a PAA
backbone via an amidation reaction. The majority of the COOH groups are left
unreacted for subsequent attachment to the magnetite nanoparticles. (adapted from
Moeser) ................................................................ 65
Figure 2-3. Magnetic fluid synthesis. The magnetic nanoparticles are produced by
chemical coprecipitation of iron salts in an aqueous solution of a limited amount of
SSA/VSA/AA copolymer. The resulting particles are clustered and not completely
coated. A second polymer addition provides complete coating, greatly stabilizing the
particles without affecting particle size ................................................................ 66
Figure 2-4. Polymer hydrodynamic diameter vs. number of monomer units in a
chain. All co-polymer compositions (closed markers) agree well with published data
for poly(acrylic acid) by Reith et al. open markers). All data was taken in 1.OM
NaCl. At these high ionic strengths, the size exponent is 0.55, closely resembling a
random coil ................................................................ 70
Figure 2-5. a-c) TEM micrographs of the magnetic nanoparticles at various
concentrations. Only the magnetic cores are visible. At low concentrations (0.03 wt%
in a. and 0.06 wt% in b.) the cluster size agrees well with DLS measurements
(70nm). When a higher concentration is used (0.12 wt% in c) there is further particle
aggregation when the clusters are deposited . ...............................................................71
Figure 2-6 Size distribution of the magnetite cores in Figure 2-5. The distribution is
well described by a lognormal fit with an average size of 7.5 and polydispersity of0.26 . ............................................................... 72
10
Figure 2-7. Magnetization as a function of applied field from VSM. The
magnetization indicates superparamegnetic behavior, with no remanance at zero field.
The saturation magnetization is 63emu/g magnetite (2.4 wt% magnetite shown) ...........74
Figure 2-8. The zeta potential of particles as a function of pH for several acrylic acid
compositions. The zeta potential indicates strongly negative charges. When the
acrylic acid content is higher, the zeta potential is less negative at low pH, due to the
protonation of acrylic acid ................................................................................................75
Figure 2-9. The zeta potential of particles as a function of pH for several acrylic acid
compositions. The zeta potential indicates strongly negative charges. When the
acrylic acid content is higher, the zeta potential is less negative at low pH, due to the
protonation of acrylic acid ................................................................................................76
Figure 2-10. a) Cluster size as a function of polymer size (number of monomer units
or Xw) in the polymer backbone for polymers of various styrene sulfonic acid content.
The polymer size that results in the minimum cluster size, Xmi,,, increases as the
coating becomes more hydrophobic.
b) Critical coagulation concentration of particles in part a. The maximum stability of
the particles occurs above Xmin and below where significant bridging has occurred, as
shown by the dotted lines connecting the maximum stability to the cluster size in part
a ................................................................................................................. 79
Figure 2-11. Cluster size vs. Xw for cationic polymer coatings, 75% vinylbenzyl
trimethyl ammonium chloride (VBTMAC) and 75% 3-acrylamido propyl
trimethylammonium chloride (AAPTMAC) with 25% acrylic acid. Xmin increases as
the coating becomes more hydrophobic, similar to the anionic particles in Figure 2-
10 ................................................................ 80
Figure 2-12 Cluster size relative to minimum size as a function of Xw relative to Xin.
When the differences in Xmi, are accounted for, all particles fall on approximately the
same curve, further indicating that the observed behavior is similar for all polymers
tested. Secondary bridging particles are from Figure 2-14, and are bridged by later
polym er addition ................................................................ 80
Figure 2-13. a) Cluster size for clusters formed with limited polymer near Xmin. As
the ratio of attachment groups (COO-) to surface iron atoms is decreased from the
large excess in Figure 2-10, the clusters become larger. The open triangles are for
coatings with 25-75% SSA, closed diamonds for polymers with no SSA.
b) stability in NaCl of clusters in part a. Only the smallest clusters are stable, while
all clusters larger than 50nm aggregate further in high ionic strength environments ........ 82
Figure 2-14 a) Particle size vs. size of poly acrylic acid secondary polymer for
aggregates starting at 74nm. Minimal changes in particle size are seen until the
secondary polymer becomes larger than the primary polymer (primary Xw=85) above
which bridging occurs. This result verifies both that the particles are incompletely
coated, allowing bridges to form, as well as that bridging can occur much later in
synthesis than clustering.
11
b) Cluster sizes obtained with 100kDa PAA as secondary polymer for polymers with
various ratios of acrylic acid to surface iron. When a large excess of primary polymer
is added, the cluster size still increases, but to a lesser extent than when less primary
polymer is added, indicating that bare surfaces are still present, to a lesser degree .......... 84
Figure 2-15. Stability of particles formed with secondary polymer added. The total
amount of attachment groups required to form stable clusters is similar for particles
formed with a large excess of primary polymer (see Figure 2-13b) and for those
where stabilization is by secondary polymer. The clusters shown here are all 70-
1 00nm in diameter, while stable particles with one polymer addition are much smaller(20-40nm ) ................................................................ 85
Figure 2-16 Interaction energy for attracting polymers vs. 8( A= 2.3 x 10-22J). When
no coating is present, there is little barrier to aggregation. As the layer thickness
increases, the activation energy to aggregation increases, both because the polymer
has a lower Hamaker constant than magnetite (4.8 x 10 - 21 J) and because the
increasing size increases electrostatic repulsion. Ionic strength =0.7M, Vt/=-50mV ...... 89
Figure 2-17. Schematic of method used to estimate layer thickness () and the
Hamaker constant for the coating. The Hamaker constant is estimated by assuming
that the polymer a sphere with the radius Rg,poly, and binary mixture of n styrene
molecules (number of SSA repeat units in the backbone) in a volume of water equal
to the volume of the sphere. The layer thickness is assumed to be 2 Rg,poy, up to a
maximum of 7.5 nm .......................................... 9.............................. ............ 0
Figure 2-18. Comparison of Xmin for several compositions of styrenesulfonic acid
(open markers) and for the SSA fraction resulting in the same hydrophobicity for
cationic polymers (closed markers) with the Xmin required for an energy barrier of
15kT with Hamaker constant and 6 of that polymer estimated as shown in Figure 2-17
(solid line), when 5 is limited to a maximum of 7.5 nm. If no is used to account
for curvature of the particles, the fit fails at higher hydrophobicities (dashed line) .......... 91
Figure 2-19. Cluster size and model fits for clusters formed with limited polymer.
The open triangles are for coatings with 25-75% SSA, closed diamonds for polymers
with no SSA. The solid line is a fit for polymers with no SSA (X=22) with Ea of 4.8
kT. The dashed line is the predicted size for polymers with SSA (X-200). ................. 94
Figure 2-20. Schematic of bridging between a fractal aggregate and a single particle,
with the relevant length scales indicated. The probability of a polymer attaching to a
core in the aggregate increases as the polymer size increases, and decreases as the
aggregate grows ................................................................ 98
Figure 2-21. Size data used to fit . The x-axis is made up of all the terms in
equation 2-24 that differ from polymer to polymer, allowing a single fit to all data ....... 99
Figure 2-22. Example of the predicted sizes below and above Xmi,. The three
relavent sizes are the size that results in an energy barrier of 15kT from equations 2-
17 thru 2-19, the size of an primary particle, and the size predicted by equation 2-24.
The largest of the three sizes will be the actual size, as shown by the bold line ............. 100
12
Figure 2-23. Predictions for 0% and 75% SSA. Although the models are significant
oversimplifications of the actual clustering behavior, both data sets are fit semi-
quantitatively with only 0 as a global fit parameter. ...................................................... 101
Figure 2-24. Cluster size vs. mass of stabilizer with PAA with PEO/PPO side chains.
The size of the clusters depends strongly on the amount of PEO present for two
compositions of polymer. 8/8 refers to a 8% grafting of PEO, 8% PPO, while 16/0
has 16% PEO side chain density ................................................................ 103
Figure 2-25. Size of bridged aggregates made with 16/0 and PAA homopolymer of
varied molecular weight, from Moeser. The predicted line is using parameters from
the particles synthesized in this work, only varying the layer thickness of the coating
on the primary particle to the known value of 9.4nm ..................................................... 104
Figure 3-1. a) Overview of system and model. The HGMS system consists of a
column packed with magnetizable wires with a radius, a, of approximately 50gpm.
The magnetic nanoparticles build up around the wires up to a radius b. (Adapted from
M oeser et al.') ............................................................... ................................................... 113
b) Force balance used to find the dimensionless upper limit of buildup, bLa. The
magnetic, diffusive and drag forces are balanced on the surface of the buildup. Also
shown are the number densities of the particles in the buildup (ns) and far from the
buildup (no), which provide the driving force for the diffusive force .............................. 113
Figure 3-2. Examples of the limit of static buildup, bLa, in both the diffusion limit
and the velocity limit. The actual buildup is the area inside both limits. (adapted from
Moeser et al. l) ............................................................... 115
Figure 3-3. For use in the model, the fractal aggregates are modeled as equivalent
core-shell particles. The shell diameter is equal to the hydrodynamic diameter of the
nanocluster and the core diameter is equal to the size of a sphere with the same mass
of magnetite as all the cores in the fractal aggregate. . ........................................ 117
Figure 3-4. Batch capture of magnetic nanoclusters formed both by bridging and by
core-to-core contact. The bridged aggregates are poorly captured due to low
magnetite content, while core-to-core aggregates are captured nearly completely
when larger than about 50nm. All measurements done at 0.068cm/s with a 3cm
column, 20 column volumes of 0.25 wt% magnetic nanoparticles ................................ 121
Figure 3-5. Breakthrough experiments with 0.5 wt% nanoclusters in 0.5M NaCl.
Capture was performed with 3 sizes of particles (a-b=80nm;c-d= 10nm;e-f=140nm)
with 2 columns (a,c,e=3.5cm column; b,d,f=10.5cm column). Closed squares are
0.3cm/s, open triangles are 0.6cm/s, closed diamonds are 1.0cm/s, open squares are
2.0cm/s, closed triangles are 3.0 cm/s and open diamonds are 4.0cm/s. Capture is
improved as size increases, column height increases and velocity decreases ................123
13
Figure 3-6. Average lost particle size for 3.5cm column. The size lost is
independent of the average particle size and is much smaller than the average particle
size at all but the highest velocities, indicating that polydispersity is responsible for
uncaptured particles ................................................................ 124
Figure 3-7. Average lost particle size for 10.5cm column. The size lost is much
smaller than the average size and also smaller than for the 3.5 cm column, indicating
that larger particles can be completely captured with a taller column and that losses
are due to polydispersity ................................................................ 124
Figure 3-8. Breakthrough with varied ionic strength with 10lOnm clusters in a 3.5cm
column at lcm/s. The initial breakthrough is similar for all values of ionic strength,
but the column fills and breaks through much more quickly as the double layer
thickness is increased, indicating that the buildup is not as dense ...................................126
Figure 3-9. Breakthrough results from Figure 3-8 re-scaled to account for the added
volume of the double layer. Since the fractals are packed tightly enough that they
overlap, the diameter used is for a single particle (18 nm) and the double layer is
multiplied by 2.7 (or ln(15)) to account for the estimated maximum repulsive force of
about 15kT ............................................................... 127
Figure 3-10. Effect of magnetic field on breakthrough of 80nm clusters in 3.5cm
column, 1.0cm/s. As the magnetic field is reduced, capture is reduced, particularly
below 0.4T ................................................................ 128
Figure 3-11. Magnetization for stainless steel wire2and for the nanoclusters. Below
about 0.2T, the magnetization of both drops rapidly ...................................................... 128
Figure 3-12. Effect of concentration of feed on breakthrough of 80nm clusters in
3.5cm column at 2 cm/s. All are scaled so that the x-axis represents the same amount
of material introduced to the column. When the clusters are diluted, the fractional
capture is reduced, as would be expected due to a larger n/n, resulting in more
complete loss of small aggregates ............................................................... 129
Figure 3-13. Effect of wire density on capture of 80nm clusters in 3.5cm columns at
cm/s. Increasing the wire density from the standard 16% improved capture
marginally while resulting in much higher pressure drop. Reduction of packing
density reduced capture slightly .......................................................................................130
Figure 3-14 a) breakthrough of repeated runs of 1 l0nm clusters at 0.6cm/s in 10.5cm
column at 0.2T. The lost particles were discarded after each run, while the captured
particles were reapplied to the column. The capture improved after each filtration.
b) Average lost particle size and fractional loss for experiments in part a. The lost
particle size does not change appreciably during the experiment, while the fraction
lost goes down, indicating that the smallest particles are removed partially during
each wash and the remaining larger clusters are captured well ...................................... 132
Figure 3-15. Simulation results and actual results for the effect of flow rate on the
loss of particles from a feed of clusters averaging 80nm in diameter. All parameters
14
were estimated before simulation, and no fitting of the data was required. The
clusters were assumed to be 7% single particles (28 nm = 0.15) and 93% 80nm
clusters o= 0.15. The 3.5 cm column was 140 stages; the 10.5 cm column was 420
stages ............................................................... 134
Figure 3-16. Simulation results and actual results for the effect of flow rate on the
loss of particles from a feed of clusters averaging 110 nm in diameter. All parameters
were estimated before simulation, and no fitting of the data was required. The
clusters were assumed to be 2.4% single particles (28 nm a= 0.15) and 97.6% 1 lOnm
clusters a= 0.15. The 3.5 cm column was 140 stages; the 10.5 cm column was 420
stages ............................................................... 134
Figure 3-17. Simulation results and actual results for the effect of flow rate on the
loss of particles from a feed of clusters averaging 140 nm in diameter. All parameters
were estimated before simulation, and no fitting of the data was required. The
clusters were assumed to be 0.6% single particles (28 nm a= 0.15) and 99.4% 140nm
clusters a= 0.15. The 3.5 cm column was 140 stages; the 10.5 cm column was 420
stages ............................................................... 135
Figure 3-18. Simulation of cleaning runs performed by Moeser et al.1 Since the
particles consisted of only single nanoparticles with well defined polydispersity, no
fitted parameters were used. The 22.5 cm column was assumed to be 900 stages.
The simulation predicts that the capture stops improving after the smallest
nanoparticles are removed. ................................................................ 136
Figure 3-19. Simulation of size distribution of the lost particles in the first filtration
run in Figure 3-18. The results agree well with experimental results that nearly all the
lost particles are smaller than 6nm. ................................................................ 136
Figure 3-20. Simulation of capture in diffusion limited and velocity limited cases
with an identical capture on the first stage of 1.5%. When the concentration
decreases, the smaller nanoparticles are captured less efficiently due to an increase in
ns/no, while the capture per stage in the velocity limited case remains constant. In a
column taller than about 10cm, all velocity limited clusters will be captured while a
significant portion of small particles will be lost even in a tall column ......................... 138
Figure 3-21. Calculated capture zones for the 1st stage (part a) and after 98% capture
(part b) for the cases in Figure 3-20. The capture zones are initially the same size, but
as the outer concentration is reduced by capture of the nanoparticles, the diffusion
limited capture zone has nearly disappeared ............................................................... 139
Figure 3-22. Capture volumes when the upper limit of ns/n has been reached and the
entire capture volume is within the wire. Since the maximum radius is within the
wire, no capture will occur. (ns/no)max is reduced as the velocity increases ................... 141
Figure 3-23. Calculated (nls/fno)ma for a range of flow velocities. Since the feed ns/n
is typically on the order of 100, anything below will result in no capture and anything
above 100,000 will result in nearly complete (99.9%) capture. (nls/no)m,, is a very
15
strong function of particle size and a relatively weak function of velocity below
2cm /s ......................................................................................................... ............... 142
Figure 3-24. Calculated (nl/no)m,, for a range of magnetic field strengths with no
flow. (ns/n)max, is a strong function of magnetic field, and reduced magnetic field can
increase the minimum particle size that can be captured significantly ............................ 142
Figure 3-25. Calculated Bm,, vs. flow velocity for a range of sizes at a typical feed
concentration and at nearly complete capture. The column capacity is strongly
affected by size up until about 50nm, and is relatively constant above this size. The
effect of dilution is stronger on smaller clusters, due to diffusion limitations ............... 144
Figure 3-26. Calculated Bm,, for bridged clusters at nearly complete capture
(0.0005wt%). The capacity of the column for bridged clusters is much lower and
drops at much lower velocities. In addition at reasonable flow rates the capacity is
lower for larger clusters, explaining the behavior in Figure 3-4 ......................................145
Figure 3-27. Capacity (Bmax) times flow velocity (Vo) for clusters. The optimum
balance of speed and capacity occurs at about cm/s. The solid lines are for the feed
concentration, the dotted lines are for 1000 times dilution. Dilution has a stronger
effect on the smaller clusters ................................................................ 147
Figure 3-28. Comparison of VoBmax for 80nm clusters and experimental results for
the velocity times the number of column volumes to 1% loss with a 10.5 cm column.
The maximum in both occurs near 1cm/s and the basic shapes are the same,
indicating that Bm,, captures the behavior of the system well. ....................................... 148
Figure 4-1 Protein binding isotherms at several NaCl concentrations. The maximum
bound protein is 640mg/g support ................................................................ 159
Figure 4-2. Maximum bound cytochrome-c vs. square root of ionic strength. The
linear behavior at low salt concentrations indicates that binding is electrostatic in
nature. All salts used lie on the same curve ............................................................... 160
Figure 4-3. Cytochrome-c eluted with 0.5M NaCl vs. protein bound. Nearly
complete elution over the full range of loading is obtained . ............................... 160
Figure 4-4. Maximum bound cytochrome-c and lysozyme vs. square root of cation
concentration. Cytochrome-c shows little binding at high ionic strength, while
lysozyme shows significant hydrophobic binding at high ionic strength. Triangles are
for (NH4) 2SO4, diamonds are for NaCl ............................................................... 162
Figure 4-5. Maximum bound protein vs. salt concentration in the hydrophobic
binding regime. Cytochrome-c shows little binding at high ionic strength, while
lysozyme and BSA show significant hydrophobic binding at high ionic strength, as
well as significantly different maximal capacity, indicating that hydrophobic
interactions are protein specific ............................................................... 162
16
Figure 4-6. Effect of charge on hydrophobic binding. BSA binds hydrophobically
both below and above the pI (4.9), with stronger binding when electrostatic
interactions are attractive (above pI) ................................................................ 163
Figure 4-7. Magnetic nanoclusters available for reuse after one protein binding-
elution cycle vs. amount of secondary polymer added. Two polymer additions are
essential to obtain large enough clusters for HGMS capture and to maintain stability
for resuspension from HGM S ............................................................... 164
Figure 4-8 Binding and desorption for repeated runs. Due to incomplete elution
(0.2M NaCl), the binding capacity drops after the first cycle, but the eluted protein is
constant for all cycles ................................................................ 165
Figure 4-9. Loss and elution of cytochrome-c in larger scale (50 column volume)
binding run. 85% of the cytochrome-c is captured with limited (1 Os) equilibration,
and the protein is eluted with significant concentration with 0.5M NaCl ...................... 166
Figure 4-10. Passage of E. coli through theHGMS column with and without
magnetic fluid (pH=7). The cells are nearly completely passed in the first column
volume, indicating only minor hindrance in the column and verifying that the open
structure of the column allows cells to pass through ....................................................... 167
Figure 4-11. Wet cell mass and optical density of fermentation broth throughout
fermentation. The cells grow exponentially during the glycerol phase, while growing
much slower and eventually dying in the methanol fed-batch phase ..............................169
Figure 4-12. Total extra-cellular protein expressed and methanol fed during
expression (methanol fed batch) phase. Protein is produced when methanol is fed,
with production stopping as the cells start to die at the end of the fermentation ............. 170
Figure 4-13. Schematic of new nanoclusters for use in fermentation broth. The
primary coating is the same as developed in Chapter 2, but the secondary coating is a
graft copolymer of PEO and PAA. The PEO provides steric stabilization in
fermentation broth, while the polyelectrolyte provides affinity for protein adsorption.
This figure is not to scale; the polymer is shown much larger than the cores to
emphasize the structure of the polymer ............................................................... 172
Figure 4-14. Resuspension of HGMS trapped nanonanoclusters after protein binding
and desorption with pH=10 buffer. The nanoclusters developed in Chapter 2 were not
resuspended well, but when PEO was used as the secondary coating, the pH of the
secondary coating step was reduced to 5, and the secondary coating step was
extended, the nanoclusters were completely resuspended in fermentation broth ............ 173
Figure 4-15. Binding isotherms for drosomycin in clarified fermentation broth at
pH=3. When the fermentation broth/magnetic fluid mixture is diluted 2x with water,
the binding affinity goes up dramatically. The ionic strength of the fermentation
medium is 0.42, indicating that drosomycin is bound primarily electrostatically ...........175
17
Figure 4-16. Binding isotherms for all protein in clarified fermentation broth at
pH=3. When the fermentation broth/magnetic fluid mixture is diluted 2x with water,
the binding affinity goes up, but not as dramatically as drosomycin binding .................175
Figure 4-17. a) Binding isotherms for all other proteins besides drosomycin. The
shape of the isotherm indicates that there are several populations of proteins that are
bound more or less strongly.
b) Binding isotherms in part a divided into strongly and weakly bound populations.
In both, the effect of dilution is much less than with drosomycin, indicating more
hydrophobic binding ................................................................ 176
Figure 4-18. Elution of drosomycin at several values of pH and ionic strength(bound
undiluted, pH=3, 0.44 wt% nanoclusters). Increasing ionic strength has relatively
little effect on the amount of drosomycin desorbed, while pH has a very strong effect. 177
Figure 4-19. Purity of eluted drosomycin. The drosomycin eluted at pH=7 with salt
added is significantly enriched in drosomycin from the feed (dotted line) since the
other proteins bound are more hydrophobic than drosomycin, they remain bound at
below pH=7, while drosomycin is eluted. At pH=10, all proteins are desorbed and
little purification results, while at pH=3 very little protein is desorbed, also without
significant purification ............................................................... 178
Figure 4-20. Gel electrophoresis of drosomycin standards, fermentation broth and
fractions recovered with magnetic nanoclusters. 0.4wt% magnetic fluid was used for
capture, drosomycin was obtained as a nearly pure fraction at pH=7, with the other
proteins eluted at pH=10 ............................................................... 179
Figure 4-21. Drosomycin elution of larger capture run. 5 column volumes of
fermentation broth were captured and elution was performed one column volume at a
time. Purification (90% drosomycin) recovery (89% of fed drosomycin) and
concentration (up to twice the feed concentration) can be achieved in a single step ..... 180
Figure 4-22. Schematic of mechanism of reversible flocculation in fermentation
broth under protein binding conditions. At high ionic strength as seen in fermentation
broth, clusters can approach near enough that multiple clusters bind to a single
protein. Many of these interactions will form large aggregates. This figure is not to
scale; the protein is shown much larger for clarity ......................................................... 181
Figure 4-23. Recovery of magnetic nanoclusters from the column vs. pH of wash
buffer. The magnetic nanoclusters reversibly flocculate when protein is adsorbed and
do not resuspend until the protein is desorbed ........................................................ 182
Figure 4-24. Binding of cells and drosomycin to magnetic nanoclusters in
fermentation broth. At pH=3, nanoclusters bind much more strongly to cells than to
drosomycin, making their use in unclarified broth impossible. Positively charged
nanoclusters bind even more strongly to cells than negatively charged nanoclusters
do ............ ......... ........................................................ .............................................. 183
18
Figure 4-25. Zeta Potential of cells and nanoclusters in fermentation broth. Both
nanoclusters and cells are overall negatively charged at all pH values tested for
binding, indicating that binding is due to positively charged patches on the surface ...... 184
Figure 4-26. Charge of proteins vs. pH. Based on the amino acid sequence, the
charge for drosomycin and an average protein (with all amino acids composition
equal to overall amino acid abundance in E. coli) are similar, and match well with the
cell binding. ............................................................... ............. ........................... 184
Figure 4-27. Binding of cells to magnetic nanoclusters (0.12 wt%) in fermentation
broth as a function of pH. The nanoclusters bind to cells strongly at low pH and bind
only weakly at higher pH, indicating that a protein on the surface is responsible for
binding. After washing the cells with pH=10 three times to desorb all proteins from
the surface, binding still occurs, indicating that the protein is part of the cell wall and
not drosomycin adsorbed on the surface .................................................................. 185
Figure 4-28. Cells bound to magnetic nanoclusters as a function of pH with other,
high pI proteins added. When lysozyme or cytochrome-c is added, cell binding is
essentially unchanged, even though at pH>6 the magnetic nanoclusters reversibly
flocculate with lysozyme added but do not without lysozyme, indicating that the
binding is not physical entrapment in the flocs, and that adsorbed proteins are not
responsible for cell binding ................................................................... 186
Figure 4-29. Schematic of the model used to predict the interaction energy between
a nanoclusters and a yeast cell with a protein on the surface. All are assumed to be
spheres, with the protein half out of the yeast surface, and thus closer to the particle
than the yeast cell. Due to the high ionic strength and the curvature of the
nanoclusters, the overall interaction can be attractive, even if the yeast surface and the
particle are of the same charge ............................................................... 188
Figure 4-30. Results of the model in Figure 4-29 and Equation 4-1. For a 4nm
protein, 50nm cluster and 5m cell at an ionic strength of 0.4, the cell nanoclusters
interaction is attractive. When a 100 [tm chromatography bead of the same charge is
put in place of the nanoclusters the interaction is repulsive, due to the lower curvature
of the bead and stronger interaction with the cell surface .............................................. 189
Figure 5-1. Productivity multiplied by capacity as a simple optimization and
comparison of protein purification methods. The magnetic nanoclusters examined in
this thesis perform 1-2 orders of magnitude better by this metric than the best
competing technology reported in literature, and about twice as well as
magnetoliposomes. The optimum operating velocity is much higher (around
4000cm/hr) than standard methods (around 300 cm/hr) ................................................. 198
19
List of Tables
Table 2-1. Maximum degree of polymerization (Xo) and chain transfer coefficients
(Cs) for anionic polymers. aAcrylic acid homopolymer with no chain transfer resulted
in a gel, thus X is effectively infinite. .............................................................................. 69
Table 4-1. Properties of drosomycin and model proteins used in this work ................. 158
Table 4-2. Selected elution conditions and usefulness for purification of drosomycin. 179
Table 4-3. Cell binding with added surfactant. Even with high (denaturing)
concentrations, cell binding is not alleviated .................................................................. 187
20
Chapter 1
Introduction
1.1 Motivation and Approach
In the past few decades, the biotechnology industry has grown rapidly, doubling
in size between 1993 and 1999.1 The major focus of the industry has been human
therapeutics, with 155 biological drugs approved by the FDA, and 370 in clinical trials.2
Since the major focus of the industry is on high value added, low volume products,
technological focus has been on discovery of new drugs, with relatively little focus on
manufacturing cost and optimization. However, as several drugs come off patent in the
next few years, such as erythropoietin (EPO) and hepatitis vaccine, costs may become a
competitive issue.3 Additionally, drugs such as monoclonal antibodies require large
doses, raising questions about the biotech industry's manufacturing capacity.4 5 In the
near future, it is expected that costs and capacity of biotech processing of therapeutics
will become increasingly important. Additionally, there is interest in the use of
recombinant proteins for applications currently performed with bulk chemicals, such as
catalysis, due to the much higher specificity and activity of proteins, as well as the ability
to use genetic engineering and high throughput screening to rapidly improve existing
proteins.6 This represents a massive potential market; however, with the current high
costs of production, recombinant proteins typically cannot compete with small molecules.
The major expense of producing a recombinant protein product is purification,
accounting for 60-90% of the total manufacturing cost.7 9 Typically, proteins are present
in fermentation broth in low concentrations, with a large amount of interfering species,
such as cells, cell debris, salts and organic compounds, making protein purifications
difficult and expensive. Additionally, proteins are labile species that can easily be
denatured by extremes of temperature, pH, shear and chemical environment. Thus
separations must be gentle, and must process large volumes of complex mixture to get a
small amount of pure product. l °'l l Due to the complexity of the material handled,
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separations are typically done in several steps, each of which results in increased costs
and reduced yield.
Protein purification is typically performed with adsorptive separations, allowing
good separation with few equilibrium stages.'2 Adsorptive separations are usually carried
out in packed beds of porous beads, requiring diffusion of the proteins over a long
distance to interact with the majority of the surface. Due to low diffusivity of proteins, on
the order of 10-7 cm2/s, pore diffusion is typically the rate-limiting step in adsorptive
purifications. 1'3 '4 The mass transfer rates can be improved by reducing the size of the
particles. When the particles are made very small, on the order of nanometers in
diameter, mass transfer resistance is effectively eliminated; however, with such small
particles it becomes impossible to retain and recover the bound protein. Most
importantly, when the particles are made very small and packed in columns, the pressure
drop becomes increasingly great and renders a further problem. If the particles can be
recovered easily, the mass transfer benefits of small particles can be exploited. To this
end I have examined the use of magnetic nanoparticles, or magnetic fluids, for use in
adsorptive protein separations without the use of packed columns.
Magnetic fluids, which are reviewed in detail in the next section, are stable
colloidal dispersions consisting of magnetic nanoparticles -10 nm in diameter, or small
clusters of these particles.'5 Colloidally dispersed magnetic nanoparticles show
considerable promise for a wide range of applications, as sealants, damping agents, drug
delivery vehicles, contrast agents in MRI, and separation aids. In many cases, these
colloidal dispersions, or magnetic fluids, consist of magnetite (Fe304) nanoparticles,
typically -10 nm in size, coated with surfactants 6' 17 or polymers 18' 9 both to stabilize the
particles in suspension and to provide favorable surface properties, tailored for specific
applications of interest. The small size of the stabilized particles results in dispersions
that remain suspended indefinitely in gravitational and moderate magnetic fields'5, and
leads to large surface areas per unit volume, making the particles ideally suited for use in
adsorptive separations'8' 20 since their capacity for targeted solutes is considerably greater
than that available in commercial resins. The surface area is available without internal
pores, and thus separations are not limited by pore diffusion and can, in principle, be
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performed much more quickly than with standard porous materials. Magnetic fluids
offer several potential advantages for separation, due to the small size of the particles.
The magnetic fluids researched in this thesis are water-based and consist of magnetite
(Fe30 4) nanoparticles coated with a polymer that is specifically tailored to separate
charged proteins from fermentation broth. Figure 1-1 illustrates conceptually how these
magnetic fluids could be used in a separation process.
Figure 1-1. A process using functionalized magnetic nanoparticles as separation agents
to purify recombinant proteins from fermentation broth. Magnetic nanoparticles are
added to fermentation broth and proteins are adsorbed on the surface. The mixture is
then magnetically filtered with undesired material washed away and magnetic fluid and
protein retained. The protein can later be desorbed from the particles and recovered in
another magnetic filtration step (not shown).
A major difficulty in colloidal magnetic nanoparticle based separations is that
magnetic capture is difficult for individual nanoparticles. Moeser et al. showed that
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capture is difficult for particles less than 40nm in diameter.21' 22 Most uses of magnetic
particles have focused on submicron to micron aggregates of nanoparticles23 (>200nm),
however the advantages of colloidal stability and one-phase operation are lost when
particles are this large. To date only a few magnetic nanoclusters >50nm yet still
colloidally stable have been synthesized,' 7'20'24 -2 7 but these systems are not particular
stable, and particle size is not easily varied. There is a great need for general synthesis
methods to create size-controlled clusters in the range of 50-150nm. Additionally, the
majority of separations based on colloidal magnetic nanoparticles have used materials or
methods that are not feasible on process large scales. The major focus of this thesis has
been to develop materials and methods to produce industrially relevant magnetic
nanoclusters, with particular focus on nanoclusters that can be used for recombinant
protein purification, which will require easily and cheaply made magnetic nanoclusters
that are stable in complex, high ionic strength environments.
1.2 Background: Protein Purification
1.2.1 Overview of Downstream Processing
Downstream separation refers to the steps after the fermentation of a protein that
are required to provide a pure product for use. Proteins vary widely in size, structure and
stability, thus there are many variations and methods to purify proteins. There are,
however, common difficulties and general process steps.
Protein purification is relatively difficult when compared to purifications of small
molecules typically encountered in the chemical processing industries. Due to the
relatively fragile structure of proteins, denaturation, or loss of structure, can easily occur,
resulting in a chemically identical yet functionally worthless product." Thus, separations
must be gentle. Proteins are normally present in fermentation broth as a dilute
component in a complex environment. A typical fermentation broth contains on the order
of lg/L (0.lwt%) of desired protein and may, in the case of Pichia pastoris, contain
400g/L of cellular material.28 Obtaining a reasonable amount of final product requires
processing a large quantity of complex material in several steps. Proteins are large
molecules, and have low diffusivities on the order of 10-7 cm2/s, leading to low mass
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transport rates. Not only must a large volume of material be handled multiple times, it
typically must be processed slowly. As a result, 60-90% of the processing cost of a
recombinant protein comes from downstream processing. To improve protein
purification and reduce costs, integration of steps, as well as much-improved throughput
for individual steps is required.
The steps in downstream processing are typically:l
1. Separation of insolubles. Cells, cell debris and other materials must be
removed from the fermentation broth before further processing, as most
methods cannot accommodate particulate matter. Common methods are
centrifugation and filtration.
2. Isolation and concentration. Proteins typically are concentrated and
isolated from unrelated materials, such as salts and organic molecules
before being separated from other proteins and related molecules. The
goal of this step is to provide a less complex, lower volume feed stream
for later steps. Common methods are precipitation, extraction and
chromatography.
3. Purification. Once the fermentation broth has been reduced to a relatively
pure mixture of proteins, the product is subjected to finer chromatographic
steps that provide a single, pure protein.
While most of the literature focus has been on step three, the majority of the cost
is typically in the first two steps, 7-9' 2 9 due to the high volume, complex feedstock.
Increases in efficiency of these steps would have the strongest effect on the total cost of a
protein manufacturing process, and as such will be the focus of the rest of this section.
1.2.2 Cell Clarification
Cell clarification and removal of other insolubles, while relatively simple on a
laboratory scale, are tremendous technical challenges at process scales. As such there is
little literature research in this area, but there is significant industrial interest in
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improving, or more optimally, eliminating the step. The main methods for removal of
cells and cell-debris are centrifugation and filtration.' 30'3'
1.2.2.1 Centrifugation
Centrifugation relies on the relatively higher density of cells and cellular debris
compared to the surrounding medium. While there are many types of centrifuges, all rely
on a rotating bowl where centrifugal forces cause cells to flow outward and clarified
liquid remains in the center. Centrifuges have the advantages of short retention times, on
the order of seconds, 30 small space requirements and, in some cases, continuous
operation. Due to the small density difference of cells and the surrounding media, and
the small size of cells, a series of centrifuges is typically required for complete cell
clarification. Costs become prohibitive for cellular debris and smaller material removal.30
Centrifuges must be made of stronger and more expensive materials as they get larger
and do not have strongly favorable economies of scale for large operations. 32
1.2.2.2 Filtration
Filtration operates on the basis of applying a driving force, typically pressure, to
push small materials through a semi-permeable membrane, while retaining larger
particles. The main advantages of filtration are the simplicity and robustness of the
process. The main disadvantage of filtration is that flux thorough a filter rapidly drops as
cells deposit on the filter surface and form a gel like layer. 130,32 As a result, filters are an
expensive disposable item, and thus have essentially no favorable economy of scale.3 2
Thus, filters are typically used in smaller scale (<3,000L batch size) operations, or in
ones with small cells (Escherichia coli) or cellular debris, while centrifuges are typically
cheaper in large scale operations, particularly when larger cells, such as animal cells or
yeast are used.30
1.2.3 Chromatography
Once the fermentation broth has been clarified of all solid contaminants, the next
step is to purify the protein from other chemical species. Due to their large molecular
size, proteins can be adsorbed to solid surfaces much more strongly than small molecules,
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due to multi-point attractions.12' 33 Most adsorptive separations in biotechnology are
performed using column chromatography, where -100 gim diameter porous supports with
surfaces that interact with the protein are packed in a column.3 4 Interactions are typically
based on charge, hydrophobicity or specific affinity.35 In this section, each major mode
will be briefly reviewed. Since column chromatography is the industry standard for
protein purification, the typical operation conditions on an industrial scale will also be
outlined.
1.2.3.1 Ion-exchange
The most common method of protein purification, is ion-exchange.' Several
amino acids are charged, and most proteins are charged, and are attracted to an oppositely
charged solid surface3 5. In general, the charge of a protein is large compared to the ions
in solution, and proteins are preferentially adsorbed over ions.36-39 Individual proteins
vary widely in charge at a given pH, allowing separation of proteins.
Protein binding in ion-exchange is more complex than ion-exchange of small
molecules, due to the complex structure of a protein and the resulting steric effects. 1336-40
In general the interaction of a protein depends on the charge of the protein, which is a
function of pH and protein amino acid sequence, and the ionic strength of the media.
While ions tend to bind to ionic surfaces less strongly than proteins, when a large excess
of ions is present, proteins can be desorbed from the surface. Thus binding of a specific
protein can be mediated both by pH and by ionic strength, with binding decreasing as
ionic strength increases.
1.2.3.2 Hydrophobic separations
Several amino acids contain non-polar side chains, and as a result, most proteins
will interact with hydrophobic surfaces. There are two main types of chromatography
based on the affinity of proteins for hydrophobic surfaces, known as hydrophobic
interaction chromatography (HIC) and reversed phase chromatography (RP)14 4 1-4 4 HIC
supports consist of slightly hydrophobic moieties such as short (C4 to C8) hydrocarbon
chains or aromatic groups attached to a hydrophilic substrate, while reverse phase
supports consist of much more hydrophobic (C18 ) groups in high density.4 2
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Hydrophobic interaction chromatography relies on relatively weak hydrophobic
interactions, which are typically not sufficient to retain proteins at low ionic strength. As
salt is added, water molecules adsorbed on the surface of the protein are desorbed to
hydrate the salt ions, which exposes hydrophobic groups and increases the interactions
between the protein and the support.4 4 Thus salt is typically added to increase
hydrophobic interactions and retention, with elution by simply reducing ionic
strength.'3'4 2'4 5 The relatively hydrophilic environment of HIC, as well as the gentle
elution conditions make it well suited for protein separations. The increasing affinity for
adsorption as salt is added in HIC, as opposed to ion-exchange make the two operations
complementary; the eluant stream from HIC is typically very low ionic strength and can
be directly fed to an ion-exchange unit, while the eluant stream from ion-exchange is
typically high ionic strength and can be fed directly to HIC. 
In contrast, reverse phase separations rely on a very hydrophobic second phase,
which binds proteins strongly at all ionic strengths. Elution is normally performed by
adding a polar organic compound such as acetonitrile or isopropanol. 42 Protein structure
is strongly dependent on hydrophobic interactions between amino acids, and may be
disrupted by the strongly hydrophobic surfaces in reverse phase, as well as by the eluant.
However, the binding affinity is stronger than in HIC and much better separation between
proteins can be performed, making reverse phase the most common choice for analytical
separations, but not particularly common for industrial scale operations.
1.2.3.3 Affinity Separations
In contrast to the general protein separation methods, some proteins have very
specific moieties that can be exploited to allow essentially complete separation in a single
step. Affinity separations can either be performed with a small organic or inorganic
molecule that interacts with the protein of interest or with a protein that binds the target
protein. Protein affinity for metal ions, typically divalent metal ions with histidine, has
been utilized as an effective and robust purification method.46'4 7 Proteins can also be
purified by interactions with some dyes, such as Cibacron Blue F3GA, particularly
enzymes that bind NAD.48 Immobilized proteins, often antibodies, can be used to bind
target proteins with very good specificity and affinity. Another common protein
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interaction that has wide industrial use is the affinity of immunoglobins for immobilized
protein-A. The main drawback of affinity separations is that the adsorbents are
expensive and often sensitive, and thus affinity adsorbents are normally used far
downstream in protein purification, where smaller volumes of less complex material can
more easily be handled.l l
1.2.3.4 Typical operation
On the industry scale, chromatography is typically performed with derivatized
agarose gel particles with diameters on the order of 100ptm. In contrast to resins used for
water purification, which are typically styrene based, the gels are much more hydrophilic
and have larger pores, up to 100nm, for increased pore diffusivity.34 Even with larger
pores, the mass transfer to the majority of the surface requires molecular diffusion over
relatively large distances. Due to the low diffusivity of proteins,' 3 and even smaller pore
diffusivities,' 4 the separations are strongly mass transfer limited. The gels are also much
different from the resins used in typical analytical scale ion-exchange columns, which are
normally non-porous silica beads of much smaller diameter (1-10 ptm), that are not
subject to pore diffusion allowing fast and sharp separations, but with too low capacity
and too high pressure drop for industrial use.4 9-52
The productivity of a protein separation process can be measured by the linear
flow rate in a packed bed, as well as the capacity of the bed for protein adsorption. In
column chromatography, due to low protein diffusivities, there is a definite trade off
between these two parameters; as the flow rate increases, the depth of the bead that is
subject to adsorption decreases. At low velocities, the maximal protein binding for a
typical chromatography column is on the order of 100mg protein/mL of resin, and
maximum velocities are typically around 500cm/h. Operation depends on the goal of the
separation, whether speed or resolution is the desired objective. For initial fractionation,
higher velocities, near the maximum possible (around 100-300 cm/h) are used, sacrificing
capacity and resolution for speed, with pressure drops of around lbar. For later
separations, much lower velocities are used to allow more complete equilibration.
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Scaling up of column chromatography, just as with centrifugation and filtration,
does not show strong economy of scale.5 The major reason for the lack of economy of
scale is that the same amount of resin is required at all scales. When column diameter
become too large column dispersion and bed stability become problems.
Column chromatography has been the major method of protein fractionation and
separation in the biochemical industry, due mainly to use on the laboratory scale and ease
of scale up in terms of repeatability and reliability, which are the primary concerns in
high value therapeutics. Due to relatively low productivity, inability to handle particulate
matter and poor scaling it is not the optimum method for large-scale protein production,
particularly for very large scale, bulk protein production.
1.2.4 Integrated Methods
In an effort to improve on the difficulties of economic implementation of column
chromatography, several methods that integrate cell clarification and protein separation
have been developed, as well as methods that have more favorable scale up economics.
While large-scale implementation of these methods still lags far behind column
chromatography, each has significant advantages. However each method has its own
inherent limitations that makes it less than an optimal solution.
1.2.4.1 Expanded Bed
The most common method for integrating cell clarification and protein
purification is expanded bed chromatography. In an expanded bed, the chromatography
beads are in a fluidized bed, with the particles suspended by fluid motion upwards
through the bed balanced by gravitational force.54-6 1 Since the particles have significant
gaps between them, cells and other debris can flow between the particles, allowing
processing of whole cell broth. Speed is limited by the terminal velocity of the particles,
which can be increased by increasing particle size or density. Several studies of high-
density particles with cores of zirconium oxide have shown that flow velocities of up to
1000cm/h can be accommodated in expanded bed systems, with optimized processes
typically operating at 300cm/h.6 0' 6 1
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The major drawback of expanded bed systems is that contact times between the
flowing liquid and the beads are very short, and the capacity of expanded bed systems is
much lower than that of column chromatography, with maximum values of 60mg/mL in
model systems® and typical operating capacities of 1-10mg/mL.54'56 '59 When anion-
exchange or hydrophobic supports are used in expanded bed mode, cell adhesion to the
resin particles can be a problem. The most common method of expanded bed operation is
cation-exchange, which has relatively poor affinity at the high ionic strengths seen in
fermentation broth, and thus the broth must typically be diluted before application to the
column, reducing efficiency. At low pH values, even cation-exchange particles can
suffer from cell adhesion problems.5 4' 58
1.2.4.2 Stirred Tanks
Fermentations are usually performed in stirred tanks, and the broth can be
subsequently processed using chromatography beads for the adsorption and elution of the
proteins that are placed directly in the stirred tank. In this method, the particles are
suspended in fermentation broth by agitation, allowing more contact time between the
resin and the fermentation broth than in an expanded bed, and the process can be made
continuous, greatly increasing ease of operation3 3
The main drawback of using stirred tanks is that the particles must be removed
from the outlet streams of the tanks by filtration. Thus many of the same problems are
encountered as in cell filtration. The separation is also only a single equilibrium stage,
with lower recovery and resolution than obtainable with columns. However for many
proteins, the interactions are essentially "on-off' and multiple stages are not needed.2 '3 3
1.2.4.3 Liquid extraction
All the above methods rely on a solid phase for separation. Several methods of
liquid-liquid extraction have been developed. Since many proteins are stable only in
aqueous media, some method of creating two immiscible aqueous phases is needed
The first and most common method to create two aqueous phases is to use two
water soluble, but incompatible polymers, most often poly(ethylene oxide) and
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dextran.6263 In a PEO/dextran mixture, two aqueous phases are formed, with a more
hydrophilic dextran layer that contains cells and most salts, and a PEO layer that contains
proteins and more hydrophobic molecules. Partition coefficients can be increased by
adding an affinity ligand to the PEO to attract the desired protein. Since the protein
remains in an aqueous phase, the process is gentle. Since liquid-liquid extraction is used,
traditional chemical processing equipment for extraction can easily be adapted, allowing
ease of scale up. However, this method still relies on two distinct phases, making protein
mass transfer strongly limiting. Attempts to make the phase domains smaller by more
vigorous agitation can slow later phase separation.6 4 66 Additionally, recovery and reuse
of the polymer is required for cost effectiveness, particularly with dextran,6 2' 63 which can
be relatively expensive, requiring methods such as filtration or precipitation that make
polymer recovery nearly as difficult as the protein separation steps that can be eliminated
by this method.
Another method of protein purification that has been explored for protein
extraction directly from fermentation broth is the use of reverse micelles.63 In this
method, a charged surfactant is added to an organic/water mixture, forming reverse
mnicelles in the nonpolar phase, which constitute a highly charged aqueous environment
within this phase. Additionally, ligands on the surfactant can be used to improve affinity
and specificity for a specific protein.6 3 The advantage of reverse micelles is that since the
proteins are partitioned into a relatively small aqueous environment, significant
concentration can be performed upon extraction. The major drawbacks of reverse
micelles are later recovery of the protein from the micelles, as well as recovery of
surfactant for reuse.
1.2.5 Size Trade-offs and need for Single-phase Operation
All the protein separation methods examined thus far have relied on the
partitioning of a protein from a liquid phase into another phase, whether it is a solid
chromatography bead or a liquid phase. As a result all the protein separations are subject
to mass transfer limitations if the phase domains are large. When protein mass transfer is
the rate-limiting step, reducing the size of the second phase can increase separation
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speed. In chromatography this can be achieved with smaller resin beads. In liquid-liquid
extraction methods, the dispersion can be made finer. In all the methods, however, strong
drawbacks to smaller size make this approach unfeasible.
In chromatography, beads as small as 1 m can be used and still be retained within
the column. However, as particle size decreases, the pressure drop increases for a given
flow rate. In small analytical columns, pressure drops of 100bar are routine at low flow
rates, however as columns become larger, bed stability at such high pressure drops
becomes a major problem, and reduced flow rates negate gains in faster mass transfer.
Thus, the optimum particle diameter is typically about 100Om.3 4 In expanded bed
systems, smaller particles lead to lower terminal velocities, and thus the faster
equilibration and higher capacity of small particles is negated by lower maximum flow
rates, and optimum particle sizes are 70-300gm. In liquid-liquid systems, small phase
domains are extremely hard to recover. Thus to limit the time required for phase
separation, larger phase domains are required and the potential benefits of colloidal
systems are lost due to a need for recovery.
Functionalized magnetic nanoparticles offer a way to overcome the normal
difficulties in recovering small particles, while retaining the advantages of very small
phase domains. The magnetic properties of the nanoparticles allow fast recovery of the
nanoparticles from solution with, for example, high gradient magnetic separation. These
materials provide very high surface area, even when the nanoparticles are dispersed at
low volume fractions. For example, a 0.1 vol% suspension of 10 nm particles has an
accessible surface area/solution volume ratio of 6 x 105 m2/m3, whereas 10 tm particles
at the same volume fraction have an outer surface area of only 6 x 102 m2/m3. The high
surface area of these nanoparticles is obtained without the incorporation of a porous
structure. The result is that the kinetics of protein absorption will be rapid for the
nanoparticles. For a protein diffusivity of 4 x 10-7 cm 2/s, a 0.1 vol% suspension of 100
nm clusters has a characteristic diffusion time (R2 /D 2 /3, where R is the particle radius,
D) is the solute diffusivity, and 0 is the particle volume fraction) of 25 ms, while 100 tm
particles with a pore diffusivity of 4 x 10-8 cm2/s have a characteristic diffusion time of 5
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minutes. Thus, the transport-limiting process is the rate of dispersion of these
nanoparticles in the separation mixture.
1.3 Background: Magnetic Fluids
1.3.1 Composition and Structure
Magnetic fluids consist of -10Onm magnetic nanoparticles that are dispersed in a
carrier liquid'5 . Due to the small size of the nanoparticles, individual particles or small
clusters of particles remain suspended by Brownian motion in gravitational and moderate
magnetic fields, and possess extremely high surface area. The high surface area results in
strong interfacial effects, and magnetic materials typically have high surface energy in
aqueous solvents, leading to a strong tendency to agglomeration. To avoid agglomeration
of the nanoparticles, they must have a surface coating to counteract strong van der Waals
interactions between the cores.15 The structure of a magnetic fluid is shown
schematically in Figure 1.2. The magnetic cores can be metals, such as iron67'68 or
cobalt,6 9 alloys, such as iron-platinum, 70'7 1 or metal oxides, such as magnetite (Fe 30 4). 16 -
18,72 The most common material used in magnetic nanoparticles is magnetite, which is a
spinel iron oxide species with a 2:1 molar ratio of Fe(III):Fe(II).7 3 Magnetite is much
more resistant to oxidation than pure metals, and can be produced cheaply, making it the
most promising material for large-scale use, and it will be the focus of the rest of this
review.
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Figure 1-2. General structure of a magnetic fluid. Magnetic fluids consist of magnetic
nanoparticles, often magnetite, dispersed in a liquid medium, with a stabilizing layer
around the particles to prevent flocculation.
The magnetic properties of magnetite nanoparticles make them ideal for use in
separations. Due to the small size of the particle domains, the particles exhibit what is
known as superparamagnetic behavior. While magnetite has a permanent magnetic
dipole when no magnetic field is applied, the dipoles are randomly oriented due to
Brownian motion and the suspension has no net magnetization.' 5 However as a field is
applied, the dipoles become aligned with the field and the suspension has a net magnetic
moment. When a sufficient field, on the order of a Tesla, is applied, all the dipoles are
aligned and the suspension has the maximum, or saturation, magnetization. However
when the magnetic field is removed, the suspension retains no magnetization. This is
extremely important for separation processes, because all capture of the particles is
reversible; when no field is present the nanoparticles will diffuse or be convected away
from where they were captured. The relaxation of the dipoles to random orientations
follows two mechanisms, either through particle rotation by Brownian motion or by the
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spontaneous fluctuation of the magnetic dipole within the magnetite crystal, otherwise
known as Neel relaxation. Neel relaxation does not require the particles to be free to
rotate. With magnetite particles of less than about 8nm in diameter, the Neel relaxation
mechanism is dominant and even large clusters of small magnetite particles, or particles
trapped in a solid layer, such as in a magnetic filter, will still exhibit
superparamagnetism. This is not the case with most metal nanoparticles, which are only
superparamagnetic if they are free to rotate .
1.3.2 Magnetic Fluid Synthesis
1.3.2.1 General Concepts
Synthesis of magnetic fluids requires the formation of the magnetic cores, and the
attachment of a stabilizing coating to prevent aggregation. Typically, the magnetite core
is formed in the presence of a stabilizing coating in the final dispersion medium, ' 5,17,18
but there are reports of synthesis in the absence of a stabilizer. 19 This section reviews the
most common methods for magnetic core production and for attachment of the stabilizing
coating.
1.3.2.2 Grinding
The simplest method of producing nanoparticles is to begin with larger particles
and grind them until the particle size is reduced to the required size. This was the first
method employed to obtain magnetic nanoparticles, with magnetite ground in a mixture
of heptane and oleic acid. While this technique is simple and flexible, it is time
consuming and energy intensive, requiring around 1000 hours of grinding to produce the
required size particles.' 5 As a result, this method is very rarely used.
1.3.2.3 Organometallic Decomposition
When an organometallic compound is decomposed in an organic solvent, either
by heat or by sonication,69 ' 7174 -75 the insoluble metal nucleates, forming crystals. When
there is a coating material present, such as a surfactant, the growing crystals are capped
and form nanoparticles. This method is limited to organic solvent based particles, as the
organometallic precursors are insoluble in water, and the decomposition conditions (200-
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300 C) are not possible in liquid water. The main advantage of organometallic
decomposition is that the particle size distribution can be nearly monodisperse, due to the
well defined and controlled nucleation conditions. However, organometallic
decomposition requires expensive materials and requires further processing to make
aqueous magnetic fluids. This method is typically used when the shape and size of the
particle must be very uniform, such as when particles are self-assembled on a solid
surface for templating.
1.3.2.4 Chemical Coprecipitation
A far simpler and cheaper method of synthesizing aqueous magnetic nanoparticles
is chemical co-precipitation of metal salts. In this method, metals are present as ions, and
thus must be precipitated with another ion, typically oxygen. Thus only ferrite particles,
such as magnetite (Fe30 4), 77 maghemite (y-Fe203 ),78 or cobalt ferrite (CoFe20 4), 79 can be
made by this method.
The most common material is magnetite, which is formed by basic precipitation
of an aqueous solution of iron (III) chloride and iron (II) chloride in a 2:1 molar ratio,
forming a spinel structure of Fe3+ and Fe2+ ions that results in a net magnetic dipole. 73
The overall reaction, for the case where ammonium hydroxide is used as the base, is:
2 FeCl 3 + FeC12 + 8 NH 40H -> Fe30 4 + 8 NH4C + 4 H20 (1-1)
The magnetite nanoparticles that are formed are typically about 8nm in diameter,
with the size only weakly dependent on the presence of a stabilizer, due to the ability of
OH- ions to complex with the surface and cap the particles. The particles formed by this
method are much more polydisperse than those formed by organometallic decomposition,
however the particles are made much more cheaply and are dispersed in water, making
co-precipitation the most common method for synthesizing aqueous magnetic fluids. The
optimal reaction temperature for the formation of magnetite is generally thought to be
approximately 80 °C,24'80 although magnetite formation at room temperature has also
been reported. 81
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Since the nanoparticle core size is only weakly dependent on the stabilizer, many
particles with similar magnetic properties can be produced by this method. In the next
section, the methods of stabilization will be outlined.
1.3.3 Stabilization in Dispersion medium
Due to strong van der Waals interactions between magnetite cores, a stabilizing
coating is required to prevent aggregation of magnetic nanoparticles.' 5' 2 7 The method of
stabilization can either be a steric hindrance, or with aqueous magnetic fluids,
stabilization can be achieved by electrostatic repulsion. Steric repulsion requires an
adsorbed layer that is compatible with the dispersion medium that must be compressed
for cores to come in contact. 5' 21 ' 82 This compression reduces the number of
configurations that the coating can take, and thus creates an entropic penalty to
aggregation. Steric stabilization breaks down when the coating material becomes
insoluble in the carrier liquid.8 2 With proper choice of the coating material, steric
stabilization can be quite robust in harsh and complex environments. Electrostatic
repulsion provides an enthalpic penalty to colloidal aggregation and can also stabilize
magnetic nanoparticles, although this method of stabilization breaks down at high ionic
strengths83 and is not a particularly robust method of stabilization.
An essential requirement of a stabilizing coating is that it can attach to the
magnetite core in some manner. One method is to use a bi-functional stabilizing coating
that has a unit that is compatible with the solvent attached to a unit that is not, such as a
block copolymer with a water soluble group and a water insoluble group. The insoluble
group then preferentially adsorbs on the hydrophobic metal oxide surface.6 7' 84 A second
method is to use electrostatic interactions between the charged magnetite surface and a
charged moiety on the stabilizer, 9'85 however this method is sensitive to ionic strength
and pH. The most common and robust method is to use a group that forms a chelate with
the surface iron atoms in the nanoparticle, providing a more robust and nearly irreversible
coating. For magnetite based magnetic fluids, the most common and often studied ligand
for chelating the iron atoms on the surface is carboxylic acid. The spontaneous
attachment of carboxylic acids to iron oxides was used in the earliest magnetic fluids,
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which were produced with fatty acid coatings. Several detailed studies on the carboxylic
acid-iron oxide bond formed in magnetic nanoparticles have shown that the bond is a
strong d-orbital chelate bond.86 This is an important consideration for making robustly
stabilized magnetic fluids, since the chelate bond is much more stable to changes in pH
and ionic strength than when charge based attachments are used.
Several methods of introducing a stabilizing coating have been reported in the
literature. Since the magnetic fluids examined in this work are water-based, only
stabilizing coatings useful in aqueous environments will be reviewed. The first coating
used for stabilizing aqueous magnetic fluids was to use a surfactant bi-layer, 6 7'26 7 7' 8 7
with the inner layer adsorbed with a carboxylic acid chelate, and the second layer held in
place with hydrophobic interactions with the inner layer. While this method is the oldest
and most reported method of magnetic fluid stabilization, it has significant drawbacks.
Since the outer surfactant layer is held in place by hydrophobic interactions, desorption of
the outer layer can occur, either with dilution of the magnetic fluid, or with the addition
of a polar organic compound that solublizes the surfactant. The layers can be
polymerized together26 to make a more permanent coating but this typically requires
difficult methods such as gamma irradiation, which is not easily performed on a large
scale. Additionally, due to the strong hydrophobic nature of the coating, stabilization of
the magnetic nanoparticles is entirely by an electrostatic mechanism,27 and is thus not
particularly robust in high ionic strength environments. A variation of the surfactant
method is to use a secondary layer of phospholipid, which due to much higher
hydrophobicity than fatty acids, is more strongly adsorbed to the inner layer and less
prone to desorption.2 '88 91' These particles are also not particularly stable in high ionic
strength media (>0.5M) 20 and the phospholipid can be desorbed by organic compounds. 8 9
To avoid the need for hydrophobic coatings and non-covalent attachment of the
second layer, a polymer can be used to coat the magnetic nanoparticles, providing
attachment to the magnetite core and stabilization with a single molecule.' 6 '18 9' 8 79 2 9 7
There are several advantages to this method over surfactant coatings. First, the coating
can be quite hydrophilic and provide steric stabilization in addition to electrostatic
stabilization. With polymer coatings, much more robust stabilization can be achieved
39
than is possible with surfactants. An example is particles stabilized by PAA/PEO co-
polymers that are stable not only in high ionic aqueous solutions, but also in many
organic solutions. The major disadvantage of this method is that particles are so stable
that it is difficult to form small clusters with the particles, making magnetic separation
extremely difficult.22
The last method that is commonly used is to make bare magnetite particles, then
to coat the particles with a polymer. 19' 85' 98- 10 5 While this method is appealing in its
simplicity, a closer look indicates that the particles produced by this method are of poor
quality. The majority of the researchers who use this method do not report the solution
properties of the dispersions, either by settling or by light scattering methods, and only
indicate that they have nanoparticles by electron microscopy or magnetic measurements,
which will only indicate the size of the magnetic cores and provides no measure of
aggregation. The few that do report DLS measurements indicate sizes of 130-300
nm,85 '02 which are too large to be colloidally stable. Several other researchers report
steps in the synthesis with settling either by centrifugation or by a permanent magnet,
neither of which is possible with individual nanoparticles, and thus it should be inferred
that they have produced large aggregates as well. 67,99,101,103,104 The size of the clusters
can be reduced with sonication,'9 but high power inputs of up to 400W for several
minutes are required for samples of a few milliliters, making this infeasible for scale-up.
The stability of these fluids, even after sonication, is also quite poor, although stability is
rarely discussed in the literature. Mendenhall et al. studied the stability of magnetite
nanoparticles made by this method and found a maximum of 90% of the particles stayed
suspended over 100 hours at a pH of 7, with rapidly decreasing stability at higher and
lower pH.19 This is in sharp contrast to particles made with polymer present at nucleation,
which show only slight precipitation over many months.' 8
11.3.4 Applications of Magnetic Fluids
1.3.4.1 Industrial Applications
The majority of envisioned applications of magnetic fluids have not advanced
beyond the development stage. There are, however, several applications that have seen
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widespread commercial application, all of which take advantage of the magnetic
properties of the bulk liquids, not on the surface properties of the coatings. Magnetic
fluids are commonly used in magnetic seals, dampers and in heat transfer. Magnetic
fluids have been used as seals for rotating parts, since the magnetic fluid can be kept in
place with permanent magnets, with lower resistance to rotation than solid seals such as
rubber gaskets.'0 6 The damping properties of magnetic fluids are commonly used in
motors'0 7 and loud speakers.l08 All the industrial applications that have been described
here are organic solvent based, typically with a surfactant coating.
1.3.4.2 Biomedical Applications
Magnetic fluids have been investigated for use in a wide range of biomedical
applications, such as drug delivery, image contrasting and hyperthermia. Magnetic fluids
have also been used in drug delivery applications, which require the absorption or
covalent attachment of drugs to the nanoparticles.09' 0"O Anti-cancer drugs absorbed in
the stabilizing layer of magnetite nanoparticles have been directed in vivo to a tumor by
applying an external magnetic field to concentrate the magnetic fluid in the affected
area.' 09 This is typically achieved by imbedding magnetic nanoparticles in a bio-
compatible polymer matrix. Magnetic fluids with biocompatible stabilizing polymers
have been developed as magnetic resonance imaging (MRI) contrast agents that have
improved imaging properties in the body compared to conventional ferric salt
solutions.l 1,112 Magnetite particles with attached monoclonal antibodies targeting cancer
cells have been developed to take advantage of the heat generated when a magnetic fluid
is placed in an oscillating magnetic field. The magnetic particles are taken up by the
cancer cell and the heat generated is used to kill the cells. l 10
1.3.4.3 Biological Separations
Magnetic fluids (or suspensions of submicron magnetic particles) have been
applied to many different biological systems to separate cells23 and proteins. '10 ' 02' 113 - 16
In most biological separation applications, the magnetic nanoparticles are attached to the
biological species, which usually have a negligible magnetic moment. Most techniques
for cell separation involve functionalizing the magnetic nanoparticles with ligands,
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typically antibodies that bind specifically to the target cells. The cells can then be
selectively removed from a complex mixture via magnetic separation. In most cases, 1-5
tm polymer beads with imbedded nanoparticles, such as the commercial product
Dynabeads, are used," 7 which are not technically magnetic fluids due to the large particle
size. In some cases, magnetic fluids have been used in cell separations. For example, a
magnetic fluid with functionalized maghemite nanoparticles has been used to separate
erythrocyte cells."8 Most of the magnetic fluids used for cell separation have been
developed for lab scale use only, and are typically made with expensive coatings, such as
monoclonal antibodies and dextran, and are not designed for large scale use.
There have been several attempts to separate proteins using magnetic
nanoparticles. Surfactant coated nanoparticles imbedded in a polymer matrix have been
used for protein separations based on ion-exchange " 9 and dye-affinity 114-
"162 0interactions. These particles are several microns in diameter and are much too large
to be colloidally stable. The magnetic properties are used to stabilize or retain the
particles in more traditional setups, such as an expanded bed. 16
Magnetic nanoparticles with no stabilizing coating which are then coated with a
thin silicon dioxide coating, and further derivatized with ligands using standard coupling
chemistry have been developed for protein purification.10 2 The particles were then used
for recovery of trypsin from porcine pancreatin. While this method allows simple
synthesis with known chemistry, the particles produced are 300nm in diameter and are
not colloidally stable. As a result, problems with resuspension after magnetic separation
have been reported, as well as difficulty in large scale mixing.
Protein separations based on charge interactions have been performed with
colloidal nanoparticles using surfactant coated nanoparticles with the outer layer replaced
by a phospholipid.2 0 These particles have the highest reported protein adsorption
capacity of 1,200 mg/mL, but are relatively difficult to synthesize, requiring long term
dialysis for the surfactant-phospholipid exchange. Additionally, these particles were only
tested in model systems. Due to the hydrophobic coating, and a reported maximum NaCl
stability of 0.5M, they may have stability problems in fermentation broth. Polymer
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coated magnetic nanoparticles using poly(acrylic acid) as the stabilizer have been used
for ion-exchange purification, but since the PAA was added after synthesis, the resulting
particles were too large to be colloidally stable. The adsorptive capacity is much lower
than phospholipid coated particles, 200 mg/g.'2 1
1.3.4.4 Magnetophoretic Separations with Magnetic Fluids
In magnetophoretic separations, a magnetic fluid is used to exert body forces on
nonmagnetic particles in order to separate them on the basis of size or density. This
approach is different from the biological and environmental separations discussed in the
previous sections, since the magnetic particles are not attached to the material that is
being separated. Rather, the magnetic fluid acts as a continuum with a higher magnetic
susceptibility than the material being separated. The non-magnetic particles will thus
migrate to decreasing magnetic fields at a rate that depends on the size of the particle. If
the magnetophoretic force is applied opposite to gravitational force, separations can be
made based on density differences. This process, also known as magnetoflotation, has
been used to separate coal particles of different densities by suspending the particles in a
magnetic fluid and applying a vertical magnetic field gradient. The field gradient causes
the particles to experience a body force that acts opposite to gravity, changing the
effective density of the fluid. By changing the magnetic field gradient, the effective fluid
density can be set between the density of two types of particles, causing one to float and
the other to sink.'2 2 If the magnetophoretic force is applied without any restorative force,
particles will migrate at different speeds based on size, which allows size based dynamic
separations. Recently, this concept has been extended to cell separations.123 By
suspending nonmagnetic cells in a magnetic fluid, the cells can be driven against a
magnetic field gradient; transport is opposed by the drag force on the cells, allowing
sorting based on the cell size.
43
1.4 Background: Magnetic Separation
1.4.1 Types of Magnetic Separation
The most common and simplest type of magnetic separation is magnetocollection,
where magnetic materials are passed over a magnet and collected while non-magnetic
materials pass through. Magnetocollection has been used extensively in the mineral
processing industry to recover desired magnetic materials, such as iron ore, as well as in
many manufacturing plants to remove stray magnetic materials, such as machine parts,
out of process streams.
1.4.2 High Gradient Magnetic Separation
Magnetic trapping becomes increasingly more difficult as particle sizes decrease,
or as magnetic susceptibility increases. Simple magnetocollection is not effective for
collecting particles smaller than about 75pjm in diameter.'2 4 One method that has been
developed to trap smaller materials is high gradient magnetic separation (HGMS).
HGMS has been used extensively in kaolin clay benefaction, where the removal of iron
oxide improves the color of the clay, as well as in steel and power plants, where small
metal particles are recovered. Another more recent use is in water treatment, where
sludges are recovered by magnetic seeding.'24 '125
An HGMS column consists of magnetically susceptible wires, typically stainless
steel wires of about 50ugm diameter, packed into a column that is placed between the
poles of an electromagnet. Since the wires are magnetizable, but the open space between
them is not, high magnetic field gradients are formed near the wires. Magnetic
nanoparticles that pass through the column are attracted to the wires according to the
formula' 2 4
Fm =uoVpM p.VH (1-2)
where u, is the permeability of free space, Vp is the volume of the particle, Mp is the
magnetization of the particle, and H is the magnetic field at the location of the particle.
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For magnetic capture to occur, the force of magnetism must be strong enough to
overcome fluid drag forces and diffusional resistance to particle buildup. Capture
becomes more difficult as the size of the particles decreases, and becomes nearly
impossible with particles smaller than about 50nm.22 ' 126
1.4.3 Magnetic Fluids and HGMS
The use of HGMS to separate micron scale magnetic particles is well established
in the literature, both by experiment and simulation. The separation of magnetic
nanoparticles is a relatively new area of study, with quite a few theoretical studies. 2 6 -' 38
When HGMS is performed on magnetic nanoparticles, the diffusion of the
particles away from the capturing wire must be considered, and for individual
nanoparticles, is a severe limitation. Theoretical studies for a single HGMS wire
considering both diffusion and fluid flow have been investigated, but there is little
understanding of the HGMS system from a column perspective for nanoparticle capture.
Several column models for larger particle capture exist, but they are only valid at the very
start of HGMS, when the wires are clean. 13 9 ' 4 1
1.5 Magnetic Fluid Requirements for Large-Scale Protein
Purification
To date, the majority of work in magnetic nanoparticle research has been on a
small research scale, with most of the work done at the "proof of concept" level.
However, none of the nanoparticles made thus far can be used for protein purification at a
large scale. Large scale protein purification requires materials and methods that are much
more scalable than most methods currently expounded in the literature, as well as
particles that are easily captured in HGMS while retaining colloidal stability and "single
phase" operation in harsh environments such as fermentation broth.
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1.5.1 Scalable materials and synthesis procedures
Most bioprocesses operate at the >10,OOOL scale,9 and in order to perform
separations on such systems, similar amounts of magnetic nanoparticles must be made
easily and cheaply. To date, the only magnetic nanoparticles that have been made in
large scale are surfactant coated nanoparticles in organic solution. 06 -'08 A more robust
coating is needed for large-scale aqueous operation, since secondary layer desorption is a
major problem in aqueous systems. What is needed is a method of synthesis, in which a
water-soluble polymer can be used as the coating material, using robust and scalable
materials. As such, polymers that are readily available or can be made cheaply in large
quantities are necessary.
In addition to use of scalable materials, scalable methods must be used as well. It
is common in literature reports for magnetic nanoparticles to be produced with long
sonication times of over 10 minutes at very high outputs of over 400 W to produce a few
milliliters of particles.9' 85 While this method may be applicable in a laboratory setting,
such heavy power consumption would become very costly and difficult to achieve on an
industrial scale. Thus, particles that are stable without extreme re-suspension methods
must be produced.
1.5.2 Controlled aggregation
While it is desirable to have particles as small as possible, both for colloidal
stability and maximal surface area, the HGMS results in the literature show that
individual particles are not recoverable from solution in a practical way.22 '26 For
magnetic fluids to be useful in separations, fast complete separations must be performed
easily. The minimum size for which this occurs with HGMS has been shown to be about
50nm, while particles above about 150nm are not colloidally stable. Thus magnetic
clusters within this range would be of the most practical use. Unfortunately, very few
reports of particles in this size have been reported.1 7'2 0 The stability of these clusters is
relatively poor, and the size of these clusters cannot easily tuned.
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Moeser et al. showed that a small fraction of the particles synthesized by his
method were aggregates of 50nm,18 and that these aggregates are stable and easily
captured by HGMS. A method controlled clustering to produce clusters of 50-150 nm
while retaining the stability of single particles is needed to produce useful particles for
separation applications.
1.5.3 Suspension stability
Suspension stability, while rarely mentioned in the literature, is of paramount
importance to practical operation. When mentioned, stability is usually poor, with
noticeable settling occurring either in pure water 19 or in moderate (<1M) salt solutions.2 0
The only reports of particles that are stable in high ionic strength environments for
extended periods of time are those where a strongly adsorbing polymer shell that
sterically stabilizes the particle coats the particles.'42,143 As such, only particles that have
a strongly adsorbing polymer shell with sufficient coating will be stable enough to be
used in complex and harsh environments such as fermentation broth.
1.6 Research Overview
The overall goals of this research were to develop industrially relevant synthesis
procedures for stable magnetic nanoclusters, to test and model recovery of the particles
with high gradient magnetic separation (HGMS) and to use the particles in protein
separations with both model systems and fermentation broth. Chapter 2 details the
synthetic procedure developed for making size controlled, stable aggregates of magnetic
nanoparticles and develops models to explain and predict the clustering behavior of the
particles. The models have been developed using well-established theories with a
minimal number of fit parameters, allowing their application to many polymer coatings.
The HGMS capture of the aggregates is detailed in Chapter 3, containing both
experimental data and new models to extend single wire models to dynamic unit
operation models. Chapter 4 details the protein adsorption and separation experiments
performed both with model proteins and with fermentation broth from Pichia pastoris.
method over current methods. Chapter 5 briefly outlines the practical applicability of the
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particles and future directions for research, including an analysis of the potential benefits
of a magnetic nanoparticle based separation.
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Chapter 2
Controlled Clustering and Enhanced Stability of
Magnetic Nanoparticles
2.1 Introduction
The overall goal of this research project was to develop magnetic nanoparticles
that are useful on an industrial scale in aqueous environments. This requires that the
particles be made cheaply and easily, and that they are useful in a wide range of solvent
conditions, putting strict constraints on the nature of the coating material and on the final
morphology of the particles. The major difficulty in making nanoparticles that are useful
in practical separations is that clusters of particles are needed for capture, but the clusters
must be stable to further aggregation. In this chapter, a synthesis method for creating size
controlled, stable clusters is outlined, and models are developed to allow prediction of the
important parameters in the synthesis for an arbitrary polymer. These methods have
been further verified by applying them to a well characterized polymer system reported in
the literature.
2.1.1 Basic requirements of synthetic procedure
While many types of coating materials have been utilized in magnetic
nanoparticle synthesis on the research scale, practical considerations make many of these
coatings unsuitable for economical use on a large scale. Surfactant bi-layer coatings
require hydrophobic forces to keep the secondary layer in place, making them sensitive to
dilution and to polar organic compounds in water.1 Covalent attachment of the surfactant
is typically performed with materials or methods that are expensive and that add extra
steps and extra complexity to synthesis. When the attachment and stabilizing moieties
are on the same molecule, such as with polymer coatings, the stabilization is much more
robust than bi-layer coatings, and is much easier than multi step coating procedures such
as layer by layer deposition or polymerization of surfactant on the surface of the
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nanoparticle. Thus only polymer coatings that combined stabilization of the nanoparticle
and attachment to the magnetic core on a single molecule were investigated.
Attachment of polymer to a magnetite core has typically been achieved either by
electrostatic interaction between the polymer and the charged magnetite surface2 or by
complexation of a chelating group with the surface iron atoms.3 Since ionic interactions
are strongly dependent on pH and ionic strength, ionic attachment is insufficient for
practical use. Several chelating groups have been reported in the literature, such as
alcohol, phosphate, amine and carboxylic acid.4 When alcohol or amine based coatings
are used, the attachment is quite slow and difficult, requiring long periods of sonication
and heating to attach the coating.5 Phosphate and carboxylic acid groups attach easily,
and form essentially irreversible bonds to the iron oxide surface. A much wider range of
polymers and polymerizable groups containing carboxylic acids are available than those
containing phosphate groups, so polymers containing free carboxylic acid groups are the
only ones that have been considered in this project.
While there is a wide range of polymers that can be envisioned that contain
carboxylic acids and also contain stabilizing groups, the requirement that the particles be
easily made on a large scale introduces further constraints in the polymers used. Free
radical polymerization, while not allowing the same degree of fine control over polymer
structures as more advanced methods, is much more applicable to large scale production
and efficient scale up.
In addition to using easily scaleable materials, the methods of synthesizing
magnetic nanoparticles must also be applicable for large scale operation. Chemical co-
precipitation of iron chloride salts in water is by far the simplest and most easily scalable
method of producing magnetic nanoparticles. When nanoparticles are formed via co-
precipitation, they must be coated with the polymer. This coating can either be present at
nucleation of the particles, or it can be added after the particles are formed. Since the
conditions for forming magnetic nanoparticles require high temperatures and high pH
values, some polymers, such as ones with ester bonds, are not stable and can only be
added after formation of the particles. While it appears that adding polymer after
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nucleation of the nanoparticles is a more flexible method of synthesis, it is not a feasible
method for large scale production. In the period of time between nucleation and coating,
the magnetic nanoparticles are subject to significant aggregation. Reversing this
aggregation requires exstensive sonication and resulting energy input. Additionally, the
particles produced are not particularly stable and lose many of the benefits of colloidal
operation. When a polymer is present at nucleation, stable nanoparticles are formed, and
if the proper coating is used, the particles are extremely stable. Thus in this project, all
particles were formed with polymer present at nucleation.
The final requirement for the polymer used in this thesis is affinity for proteins
based on ionic and hydrophobic interactions. Based on this and the other requirements,
the polymer chosen for the majority of the synthesis experiments is a copolymer of vinyl
sulfonic acid, styrene sulfonic acid and acrylic acid, as shown in Figure 2-1. Acrylic acid
provides the carboxylic acid groups needed for attachment to the magnetite core. The
sulfonic acid groups provide a strong negative charge at all relevant pH values, and the
styrene sulfonic acid provides a hydrophobic moiety for additional affinity and specificity
protein adsorption. Additionally this polymer can be independently tuned for attachment
density (fraction acrylic acid), molecular weight (chain transfer amount) and
hydrophobicity (fraction styrene sulfonic acid), allowing each of these effects on the
properties of the magnetic nanoparticles to be explored.
The requirements for industrial usefulness put major constraints on the methods
available for synthesis of the magnetic nanoparticles, which served as the starting point
fobr the synthetic procedure. However one final requirement, that the particles be stable
and can be captured by high gradient magnetic separation (HGMS), introduced the need
for controlled clustering and stability, which is the major focus of this chapter.
2.1.2 Clustering and stability
For use in separations, magnetic nanoparticles must be recovered easily from
solution using, for example, high gradient magnetic separation (HGMS).6'7 An HGMS
system consists of a column packed with a bed of magnetically susceptible wires on the
order of 50 pm in diameter, placed between the poles of an electromagnet. When a
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magnetic field is applied, the wires dehomogenize the magnetic field throughout the
column, providing the large field gradients required for particle capture. HGMS has been
examined for the capture of magnetic nanoparticles 6 7 where it has been demonstrated,
both experimentally and theoretically 8' 9 that small clusters of magnetic particles on the
order of 50 nm or larger are required for efficient removal of particles from process
streams.
While clusters are required for efficient capture, the clusters must also be
extremely stable for use in harsh environments such as fermentation broths. However,
stable particles do not agglomerate, and to cluster the particles, an instability must be
introduced. Unless the instability can be easily removed after clustering occurs, then the
resulting clusters will tend to remain unstable and will agglomerate further in harsh
environments. What is needed is a synthesis method that results in clusters that, once
formed, can be stabilized from further aggregation. It is also useful that the clustering of
the particles be easily tuned so that not only can larger clusters be made but also that the
size of the particles can be tuned for specific applications.
Three basic methods of clustering were examined in this thesis. The first method
is to use a high molecular weight polymer that has attachment groups along the backbone
of the polymer as the coating material. If the polymer is long enough it can attach to
multiple cores and bridge between them, forming aggregates. The second method is to
use a low molecular weight polymer, or a polymer with significant hydrophobic character
so that the primary particles are not particularly stable and agglomerate. This method has
been used with surfactant coated particles to form clusters that can be captured in HGMS,
and with a polymer coating the coating thickness and hydrophobicity can be tuned more
closely than in surfactant bi-layers. The final method of clustering utilized was to use a
coating material that forms extremely stable particles, i.e. that does not bridge or cluster
by van der Waals forces, but to use it in limited amounts to allow some bare magnetite
agglomeration before coating is complete.
All three methods of clustering were examined in detail to understand how
polymer coating properties affect the final cluster size, but it was found that when
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clusters of all three types were subjected to harsh environments, coagulation and eventual
sedimentation occurred. When clustering is caused by bridging or van der Waals
aggregation of poorly coated particles, the instability is due to the nature of the coating
material, which is relatively difficult to change after the coating is made. However, when
the clustering is caused by a limited amount of good coating, the instability is not due to
the nature of the coating, but only to the extent of the coating, which is easily changed by
adding more polymer.
Synthesizing stable aggregates thus requires several steps. First a polymer must
be found that, when added in excess, results in very stable single particles. Second, the
amount of polymer required to make clusters of the desired size must be found. Finally
the clusters made by adding limited polymer must be stabilized by additional polymer,
resulting in size-controlled, stable clusters.
2.1.3 General usefulness
While this work focused on producing small stable clusters of magnetic
nanoparticles for use the specific application of protein purification, magnetic
nanoclusters are expected to be useful in a wide range of applications. Any application
where the high surface area and single phase operation of magnetic nanoparticles is
required, and where the particles must later be recovered by magnetic filtration will
require a method of clustering while retaining stability. As a result, in this work not only
were the methods developed for the specific polymer of interest, but also for other
polymers such as a cationic co-polymer and a brush copolymer of poly(acrylic acid) and
poly(ethylene oxide) to test that the methods are widely applicable.
In addition to applying the methods to other polymers, models have been
developed to predict the cluster size of the particles produced by all three clustering
mechanisms, and to predict what molecular weight and hydrophobicity of polymer will
produce the most stable clusters. These models were developed based on well-
established theories on colloidal particle interactions using minimal adjustable parameters
to allow extrapolation to arbitrary polymers with as much accuracy as possible.
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With the synthetic methods developed in this chapter and the models used to
predict and explain the behavior, an entirely new class of magnetic nanoclusters has been
created and the first steps required to make many other nanoclusters with the foundations
laid out for the future.
2.2 Experimental
2.2.1 Materials
Ferric chloride hexahydrate (97%), ferrous chloride tetrahydrate (99%),
vinylsulfonic acid sodium salt (technical, 25% in water), 4-styrenesulfonic acid sodium
salt hydrate (technical), acrylic acid (99%), potassium persulfate (99% ACS reagent),
(ar-vinylbenzyl)trimethyl ammonium chloride (99%) and 3-acrylamidopropyl trimethyl
ammonium chloride (75%wt. in water) were obtained from Sigma-Aldrich and used as
received. Acetone, ammonium hydroxide (29.7% in water), sodium chloride and sodium
metabisulfate were obtained from Mallincrodt, and used as received.
The amino-terminated PEO and PPO polymers used in this work consisted of
random copolymers of ethylene oxide (EO) and propylene oxide (PO) repeat units. XTJ-
234 contained 6.1 EO units per PO unit. The polymer designated XTJ-507 is a random
copolymer with 6.5 PO units per EO unit.
2.2.2 Polymer synthesis
A wide range of random co-polymers of varying composition and molecular
weight were prepared by aqueous free radical polymerization of styrenesulfonic acid,
vinylsulfonic acid and acrylic acid with potassium persulfate as the initiator, as shown in
Figure 2-1. Molecular weight was controlled via chain transfer with sodium
metabisulfate, as described by Bokias et al.'0 The reaction was performed as follows:
0.028 mol of monomer was dissolved in Milli-Q water, and 0.37 mmol of potassium
persulfate and 0 to 10.5 mmol (typically 2.6 mmol) of sodium metabisulfate were added.
The final volume was adjusted to 22mL, and the mixture was placed in a sealed glass vial
and heated to 80 C for 3 hours. Cationic polymers were made following the same
procedure, with 0.007 mol of acrylic acid and 0.021 mol of either 3-acrylamidopropyl
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trimethyl ammonium chloride or vinylbenzyl trimethyl ammonium chloride used as
monomers.
S03Na COOH
x sodium styrene sulfonate y sodium inyl sulfonate z acrylic acid
K2S208 Na S 
80°C 2 5
.,
S3ONa COOH
S03Na
Figure 2-1. Polymer synthesis. The monomers are mixed in aqueous solution with
potassium persulfate as a free radical initiator, and sodium metabisulfite as a chain
transfer agent. The result is a random copolymer in which hydrophobicity (styrene
sulfonic acid), attachment density (acrylic acid) and molecular weight can be
independently tuned.
Graft copolymers were prepared using a method developed by Moeser et al.6
Polyacrylic acid (PAA) was reacted with amino-terminated PEO and PPO, as illustrated
in Figure 2-2. This synthetic procedure is similar to that of Darwin et al. l for the
production of polymers for hydraulic cement, and involves an amidation reaction to graft
the amino-terminated chains to carboxylic acid groups on the PAA backbone. A series of
polymers with varying numbers of PEO and PPO side chains was prepared with the
following nomenclature used to describe the polymers: an x/y PEO/PPO polymer was a
product in which x% of the carboxylic acid groups on the PAA were reacted with PEO-
NH2 chains and y% reacted with PPO-NH 2 chains. 16/0 and 8/8 polymers were produced
by varying the proportion of PAA, PEO-NH2, and PPO-NH2 reagents. In a typical
reaction, a total of 23 g of the three polymers in the desired stoichiometric ratio was
added to a reaction vessel. The mixture was heated to 180 °C and reacted for 2 h under a
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bubbling flow of nitrogen that provided mixing, prevented oxidation, and expelled water
produced by the condensation reaction. The product was cooled to room temperature and
dissolved in water to produce a 33 wt% solution.
COOH
COOH
COOH
COOH
+
x H2N -(CH 2CH2O)--CH 3
n T = 180 OC
Y H 2N-(CH2CHO)-CH 3
CH 3
O
11
C -NH-(CH 2CH20)-CH 3
COOH
11
C- NH-(CH 2 CHO)-CH 3I m
CH3COOH
+ (x+y) H20
PEO-NH2 M = 3000
PPO-NH2 M = 2000
Amphiphilic graft
copolymer
Figure 2-2. Amphiphilic graft copolymer synthesis. The graft copolymers are
synthesized by attaching amino-terminated PEO and PPO side chains to a PAA backbone
via an amidation reaction. The majority of the COOH groups are left unreacted for
subsequent attachment to the magnetite nanoparticles.(adapted from Moeser6)
2.2.3 Particle synthesis
The magnetic nanoparticles were produced by chemical coprecipitation, as shown
in Figure 2-3. In a typical procedure, 2.35g of iron(III) chloride hexahydrate and 0.86 g
of iron(II) chloride tetrahydrate were added to 40mL of deoxygenated water. The
deoxygenation was achieved by bubbling nitrogen through the solution in a vigorously
stirred 100mL three necked flask. The resulting Fe3+ and Fe2+ concentrations were 0.22
and 0.11 M respectively, resulting in the required 2:1 ratio for magnetite (Fe 30 4)
production. The nitrogen bubbling was ceased and the mixture was then heated to 80 °C.
A mixture of 5mL of 28% ammonium hydroxide and various amounts of polymer
dissolved in 5mL of water, typically 7mmol of monomer units, was added to the three
necked flask. The mixture immediately turned black, indicating the precipitation of
magnetite. After 15 minutes, additional polymer, typically 4mmol monomer basis, was
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PAA
Mw = 5000
added to ensure complete coating of the exposed particle surfaces. The reaction was
allowed to proceed for 15 more minutes (30 minutes total) before cooling to room
temperature. The magnetic fluid was then precipitated with 50-100mL of acetone,
magnetically decanted, and resuspended in 30mL of Milli-Q water and sonicated for 30
seconds with a Branson sonifier 450 at an output of 40%.
When particles were made with PAA/PEO graft copolymers, a total of 1.25g of
polymer/g magnetite was used, with varying amounts added at nucleation. All methods
were identical to the synthesis method above, except that no acetone precipitation was
performed, as the particles made are stable in acetone.
Figure 2-3. Magnetic fluid synthesis. The magnetic nanoparticles are produced by
chemical coprecipitation of iron salts in an aqueous solution of a limited amount of
SSA/VSA/AA copolymer. The resulting particles are clustered and not completely
coated. A second polymer addition provides complete coating, greatly improving the
stability of the particles without affecting cluster size.
2.2.4 Molecular weight determination
Molecular weights were determined with a Brookhaven BI-200SM
scattering system using the provided Zimm plot software at angles from 30 to 150°.
polymers were dissolved at 5 concentrations, typically 2-10mg/mL in 1M NaCl to
light
The
limit
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interparticle interactions. The samples were filtered through a 0.22 Ptm syringe filter to
eliminate dust. The scattering data were analyzed to give the weight-averaged molecular
weight. For each monomer composition studied, at least four different molecular weights
were obtained at varying chain transfer amounts and fit to the equation:' 2
1 1 [S] (2-1)
- = -+t Cs- (2-1)
Xw X 0 [M]
where Xw is the weight averaged degree of polymerization, X is the degree of
polymerization when no chain transfer is added, Cs is the chain transfer coefficient, [S] is
the molar concentration of chain transfer agent and [M] is the total molar concentration of
the monomer.
2.2.5 Dynamic Light scattering
Dynamic light scattering (DLS) experiments were performed with the
Brookhaven BI-200SM light scattering system at a measurement angle of 90°. The
autocorrelation function was fit with an exponential fitting software program to extract
the diffusion coefficient, and the Stokes-Einstein equation was used to convert the
diffusion coefficient to the hydrodynamic diameter. Intensity-averaged size distributions
were converted to volume-averaged and number-averaged size distributions for further
analysis. Quoted particle sizes are volume averages, and are the average of 4
measurements. Most samples were filtered with a 0.45 [pm syringe filter to remove dust.
If evidence of particles larger than the filter pore size was observed, either by visually
inspecting the filter, or if the particle size distribution indicated that particles greater than
0.45 micron were present, the measurement was repeated several times without filtering
to obtain the true size distribution.
2.2.6 Electron Microscopy Measurements
Transmission electron microscopy (TEM) experiments were performed on a
JEOL 200CX (200 kV) instrument. Samples were prepared by evaporating dilute
suspensions on a carbon-coated film. The median size and polydispersity of the
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magnetite particles were determined by visually measuring the major and minor axes of
150 particles and taking their averages.
2.2.7 Vibrating Sample Magnetometry (VSM) measurement
VSM was performed on an ADE 880 VSM instrument. 30 IL of magnetic fluid
were analyzed in a magnetic field varied from -1 to 1 and back to -1 Tesla in steps of 500
Gauss at room temperature to obtain the magnetization of the sample as a function of the
applied field.
.2.2.8 Zeta Potential Measurement
The zeta potential of particle suspensions was measured on a Brookhaven
ZetaPals Zeta Potential Analyzer. Particle suspensions were diluted to 0.005 wt% Fe304
with 0.1 M NaCl prior to measurement. Two mL of the sample were loaded into the
electrode cell. The electrophoretic mobility (e) of the particles measured over 25
electrode cycles, was converted to the zeta potential (), using the Smoluchowski
equation:
7 £u, H(2-2)
where 17 and are the viscosity and dielectric constant of the dispersion medium
respectively. The quoted zeta potential was an average of five measurements. Equation
2-2 is only valid when Ka>>1,'3" 4 where K is the inverse debye length and a is the
particle radius. As all samples were run in 0.1 M NaCl, with particles larger than 70nm,
this condition was always satisfied, since a>100.
2.2.9 Stability Determination
Magnetic fluids were diluted to 0.025wt% in solutions of various sodium chloride
concentrations, from 0.1 to 5.OM, at increments of M, mixed well with a vortex mixer
and left at room temperature for a minimum of 24 hours. They were then mixed again,
and centrifuged for 15 minutes at 4000 rpm in an Eppendorf 5810R centrifuge. The
highest concentration at which no particle coagulation occurred was noted and the
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experiment was then repeated in increments of 0. 1M NaCl to just above the highest stable
concentration. The highest concentration that resulted in no particle sedimentation was
reported as the critical coagulation concentration.
2.3 Characterization Results
2.3.1 Polymer characterization
The polymer system was chosen to allow independent tuning of hydrophobicity
(fraction styrene sulfonic acid) and attachment density(acrylic acid fraction) through
selection of the relative monomer fractions, and of the molecular weight through the
chain transfer agent concentration. Polymers with a wide range of monomer
compositions and molecular weights were synthesized. The resulting parameters for C,
and Xo in equation 2-1 are shown in Table 2-1
Table 2-1. Maximum degree of polymerization (X) and chain
for anionic polymers. aAcrylic acid homopolymer with no chain
thus Xo is effectively infinite.
transfer coefficients (Cs)
transfer resulted in a gel,
Monomer Compositions
acrylic acid vinyl sulfonic acid styrene sulfonic acid Xoa Cs
(mol%) (mol%) (mol%)
30 70 0 166 0.39
40 60 0 730 0.35
50 50 0 2066 0.12
100 0 0 - 0.35
25 50 25 1088 0.08
25 25 50 2351 0.07
50 0 50 2497 0.04
20 0 80 2478 0.13
0 0 100 2719 0.01
The hydrodynamic diameter of the polymer in 1M NaCl solution, obtained using
DLS, correlated well with the total number of repeat units in the backbone of the polymer
(Xw) for all compositions synthesized, in agreement with published data for poly acrylic
acid' 5, as shown in Figure 2-4. The molecular weight for a polymer composed of heavier
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monomers, such as styrene sulfonic acid, will be proportionally higher for the same Xw
than one composed of lighter monomers, such as vinyl sulfonic acid or acrylic acid.
Throughout this chapter, therefore, polymers are compared on the basis of Xw and not on
molecular weight. At high ionic strength, the size of the polymer scales with Xw to the
0.55 power, and the polymer conformation is approximately that of a random coil 5
Thus, in subsequent analysis, the end-to-end distance and radius of gyration are
approximated by the known expressions for random coil polymers.
E
-
>I
a)
E
co
o
0
E
_0
100
10
I
10 100 1000 10000
Degree of Polymerization (Xw)
Figure 2-4. Polymer hydrodynamic diameter vs. number of monomer units in a chain.
All co-polymer compositions (closed markers) agree well with published data for
poly(acrylic acid) by Reith et al.15(open markers). All data was taken in .OM NaCl. At
these high ionic strengths, the size exponent is 0.55, closely resembling a random coil.
2.3.2 TEM Results
The size distribution of magnetic nanoparticles formed by chemical precipitation
can often be fit by a lognormal size distribution 6 '" 6
p(R) = exp 2 In 2cmed (2-3)
where Rc,med is the median core radius and crc is the core polydispersity. For the particles
shown in Figure 2-5, the median diameter is 7.5nm with a polydispersity of 0.26 as
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shown in Figure 2-6. Due to the low contrast of the polymers relative to that of the
carbon substrate, only the magnetite cores can be seen in the micrograph. The clusters
observed in TEM measurements may simply be artifacts of the preparation method, since
the particles must be deposited on a grid and may change conformation from the solution
structure. TEM cannot generally be used to ascertain the sizes of the clusters in
suspension; DLS was used for this purpose. However, below a certain overall particle
concentration, the cluster size observed on the TEM grid was constant, which may imply
that no additional clustering or artifacts were introduced during the preparation of the
TEM sample. Indeed, since the cluster sizes shown in Figure 2-5a and b for
:measurements made at low concentrations (<0.06 wt%) agree well with DLS
measurements, these micrographs may capture the actual solution structure of the
clusters, while the more extensive clustering seen at 0.12 wt% in Figure 2-5c is most
likely an artifact of the deposition process.
Figure 2-5. a-c) TEM micrographs of the magnetic nanoparticles at various
concentrations. Only the magnetic cores are visible. At low concentrations (0.03 wt% in
a. and 0.06 wt% in b.) the cluster size agrees well with DLS measurements (70nm).
When a higher concentration is used (0.12 wt% in c) there is further particle aggregation
when the clusters are deposited.
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Figure 2-6 Size distribution of the magnetite cores in Figure 2-5. The distribution is well
described by a lognormal fit with an average size of 7.5 and polydispersity of 0.26.
2.3.3 VSM Results
A Vibrating Sample Magnetometer (VSM), was used to obtain the magnetic
characteristics of the particles, and to provide a second measurement of the core size
distribution. The VSM results shown in Figure 2-7 are for particles with a cluster size of
approximately 100nm, as measured using dynamic light scattering. Even with large
aggregates, the particles showed no remanance when the field was removed, indicating
that the individual cores in the clusters are non-interacting. This superparamagnetism is
important in applications using magnetic separation devices so that the clusters can easily
be eluted from an HGMS column when the applied magnetic field is removed.
Chantrell et al.' 7 showed that the field strength dependence of the magnetization,
M, of a superparamagnetic suspension can be used to determine the size distribution of
the particles within the suspension. The analysis, which assumes a lognormal size
distribution of non-interacting particles, consistent with the TEM data, yields expressions
for the median diameter (Dp) and standard deviation (u)' 7:
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where Xi is the initial magnetic susceptibility on a volume basis, given by the slope of the
magnetization curve at H = 0, is the volume fraction of particles, Md is the saturation
magnetization of bulk magnetite on a volume basis, and H' is obtained from the M = 0
intercept of a graph of M versus 1/H at high applied fields. The saturation magnetization
of the fluids in the limit as H -> o, can be determined from the intercept at /H=O of a
plot of M versus 1/H; an average value of 63 emu/g Fe30 4 was determined for the
particles. The median size obtained from this analysis was D,,ore =6.4nm and o=0.35.
The core magnetization of our particles is lower than the saturation magnetization
of bulk Fe30 4, 87 emu/g,l8 but is typical of that for Fe30 4 nanoparticles, which usually
have a saturation magnetization of 50-70 emu/g.6' 16"19 The lower magnetization is
attributed to formation of a nonmagnetic layer owing to disruption of the magnetic
moment of atoms on the surface of the magnetite core.20 Usually, this nonmagnetic layer
results in the magnetic diameter being significantly smaller than the TEM diameter, as
was seen in our analysis.
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Figure 2-7. Magnetization as a function of applied field from VSM. The magnetization
indicates superparamegnetic behavior, with no remanance at zero field. The saturation
magnetization is 63emu/g magnetite (2.4 wt% magnetite shown).
2.3.4 Zeta Potential Results
For magnetic nanoparticles to be useful for charge-based separations, it is
desirable that they be strongly charged over a wide pH range, both for affinity for the
targeted solutes, and for stabilization of the nanoparticles. The zeta potential of the
particles shows strongly negatively charged surfaces for all particles tested over a wide
range of pH. For particles with 25% acrylic acid groups there is very little dependence of
zeta potential on pH. For particles with 50% acrylic acid groups, there is a steady drop
with pH in the magnitude of the surface charge below a pH of 5, and a leveling out of the
curves at higher pH, consistent with the deprotonation of poly acrylic acid with
increasing pH below its pKa. These results are shown in Figure 2-8. The salt
concentration was relatively high, at 0.1M, to ensure that the concentration of protons,
even at low pH, did not significantly affect the ionic strength, and to evaluate the surface
charge at ionic strengths similar to those found in fermentation broths, where the charged
particles can be used for protein separations7 . Thus the relatively low magnitude of the
Zeta potential (-30 mV) is due to the highly compressed double layer. The zeta potential
of the same particles at low ionic strength is around -50mV at neutral pH.
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Figure 2-8. The zeta potential of particles as a function of pH for several acrylic acid
compositions. The zeta potential indicates strongly negative charges. When the acrylic
acid content is higher, the zeta potential is less negative at low pH, due to the protonation
of acrylic acid.
Cationic particles were synthesized with polymers containing both positively
charged monomer and negatively charged acrylic acid. Since acrylic acid is required for
attachment to the core, but is detrimental to the positive charge of these particles, zeta
potentials were measured on different compositions of polymer, as is shown in Figure 2-
9. Particles with coatings made with less than 20% acrylic acid were not stable,
highlighting the need for attachment groups along the length of the polymer. Up to about
25% acrylic acid, the charge of the particles is strongly positive, and remains positive
until an excess of acrylic acid groups is present. When 50% of the backbone is acrylic
acid, the particles are still positive, indicating that some of the acrylic acid groups are
indeed attached to the magnetite surface, leaving an excess of cationic groups on the
surface. When the pH is reduced to and the carboxylic acid groups are protonated, all the
particles have a strong positive charge.
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Figure 2-9. Zeta potential of particles made with acrylic acid and acrylamidopropyl
trimethylammoniumchloride. As the fraction of acrylic acid is increased, the surface
charge of the particles becomes less positive, eventually becoming negative when a
majority of acrylic acid repeat units are present. All particles are strongly positively
charged when the pH is reduced to 2 and all acrylic acid groups are protonated.
2.4 Clustering of Nanoparticles
While TEM and VSM provide information on the size distribution of the
individual magnetite cores, DLS allows direct measurement of the overall cluster sizes in
solution, including the polymer coating. DLS measurements were taken for particles
prepared with a wide range of molecular weights, composition and amount of polymer
used. The resulting cluster size and stability are explored in this section. For the
particles to be useful in a wide range of separations, the clusters must be larger than
50nm, and must be stable in high ionic strength media. We will show in the following
sections that several methods can be used to create clusters large enough for capture, but
unless the clustering and stabilizing steps are decoupled, the resulting clusters are not
sufficiently stable for many applications in which they are exposed to high ionic strength
environments.
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2.4.1 Effect of Primary Polymer Molecular Weight on Cluster Size and
Stability
Clusters were synthesized with excess polymer to evaluate the effect of molecular
weight (from 2,000 to as high as 300,000; Xw from 15 to 2,500) on clustering. The
clustering falls into 3 distinct regimes, as shown in Figure 2-10. When the polymer
molecular weight is small, the size of the clusters is large, on the order of 200 nm. As the
molecular weight increases, the size of the clusters decreases until a minimum size is
reached at Xmin, attributed partially to enhanced stabilization due to the thicker polymer
coatings on the primary particles. With further increases in molecular weight, the
polymer begins to bridge between the particles and the cluster size again increases. Once
the polymer becomes sufficiently large that bridging predominates, the cluster size
increases rapidly and the clusters approach a micron in size. These large bridged clusters
have a much different morphology from that of the large clusters formed with small
polymers, as they are stable to centrifugation at much larger sizes, up to 800 nm as
compared to 150nm for clusters formed with small polymers, and form much more
viscous magnetic fluids at the same magnetite content. This indicates that the large
aggregates consist mainly of an extended network of hydrated polymer bridges, with
relatively low magnetite content, while low molecular weight polymers yield dense
clusters of magnetite nanoparticles
As the fraction of SSA in the polymer increases, and thus also its hydrophobicity,
Ymin increases, since more hydrophobic coatings provide poorer stabilization and thus
require a thicker coating to prevent aggregation. This phenomenon is examined in more
detail later where we analyze the particle-particle interaction energies on the basis of
simple theoretical models of the clustering processes. In order to verify that the observed
effect was due to hydrophobicity, we synthesized copolymers of acrylic acid (25mol%)
with the cationic monomers vinylbenzyl trimethyl ammonium chloride (VBTMAC) and
acrylamidopropyl trimethyl ammonium chloride (AAPTMAC). VBTMAC is more
hydrophobic, and results in a higher Xmi,as shown in Figure 2-11. The effect of Xw on
cluster size for the cationic particles is similar to that of the anionic particles, indicating
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that the observed clustering behavior is due to the hydrophobicity of the coating. When
the results for all particle clusters are plotted in reduced form with D/Dmin as a function of
X/Xmin to account for differences in Xmin, as shown in Figure 2-12, the data are
represented approximately by a single curve, further indicating the generality of the
observed phenomena. Also shown in Figure 2-12 are the cluster sizes formed by
secondary polymer addition, which also agree well with the general trend, indicating that
bridging can happen long after the primary particles are formed.
2.4.2 Stability of Nanoparticle Clusters Formed With Excess Polymer
The intrinsic stability of the nanoparticle clusters shown in Figure 2-10a was
assessed by determining the critical NaCl concentration at which coagulation occurs. The
cluster stability very closely mirrors the cluster size, with small clusters exhibiting the
best stability, as shown in Figure 2-10b. The larger clusters formed at very low and very
high molecular weights are not stable, even in 0. 1 M NaCl. Clusters formed near Xmin are
stable in 5M NaCl (the highest concentration tested) with the maximum stability
occurring with polymers slightly larger than Xmi,. However, these stable clusters are too
small for efficient HGMS capture, while clusters large enough for capture are not stable
to high salt concentrations. Thus, varying molecular weight alone will not produce useful
clusters for separation processes, and another method of clustering must be utilized.
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Figure 2-10. a) Cluster size as a function of polymer size (number of monomer units or
Xw) in the polymer backbone for polymers of various styrene sulfonic acid content. The
polymer size that results in the minimum cluster size, Xmi,, increases as the coating
becomes more hydrophobic.
b) Critical coagulation concentration of particles in part a. The maximum stability of the
particles occurs above Xmi, and below where significant bridging has occurred, as shown
by the dotted lines connecting the maximum stability to the cluster size in part a.
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Figure 2-11. Cluster size vs. Xw for cationic polymer coatings, 75% vinylbenzyl
trimethyl ammonium chloride (VBTMAC) and 75% 3-acrylamido propyl
trimethylammonium chloride (AAPTMAC) with 25% acrylic acid. Xmi, increases as the
coating becomes more hydrophobic, similar to the anionic particles in Figure 2-10.
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Figure 2-12 Cluster size relative to minimum size as a function of Xw relative to Xmi,.
When the differences in Xmi, are accounted for, all particles fall on approximately the
same curve, further indicating that the observed behavior is similar for all polymers
tested. Secondary bridging particles are from Figure 2-14, and are bridged by later
polymer addition.
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2.4.3 Effect of Attachment Group Density
The results shown above were obtained for excess polymer added to the solution,
and depended only on polymer molecular weight and hydrophobicity, the latter as
reflected in the SSA content of the polymer. The remaining fraction of the polymer
consisted of acrylic acid and vinyl sulfonic acid, the relative ratios of which do not affect
the clustering behavior under these excess polymer conditions for acrylic acid fractions
over the range of 20 to 75%. (when the fraction of acrylic acid is less than 20% or more
than 75%, stable particle suspensions are not formed; the latter observation is consistent
with published reports' 9' 21 that PAA itself is incapable of stabilizing particle
suspensions).
When the primary polymer molecular weight is near that corresponding to Xmi,,
where individual particles are stabilized under excess polymer conditions, clustering of
these particles can be induced by limiting the amount of polymer used, or by limiting the
fraction of attachment groups, i.e. acrylic acid, in the polymer; both strategies lead to
incomplete coverage of the particle surfaces and hence some instability in the particle
suspension to allow clustering to occur. Within the range of 20 to 75% acrylic acid, the
cluster size is a function of the ratio of the concentration of acrylic acid (chelating
groups), to the concentration of surface Fe2+ and Fe3+ (chelated ions), and is independent
of the fraction of acrylic acid relative to SSA and VSA on each polymer molecule. When
no hydrophobic monomer is present (i.e., for copolymers of acrylic acid and VSA only),
the cluster size decreases rapidly with increasing attachment group density for molar
ratios less than 1.0 and reaches the single coated particle size at a ratio of about 1.5, as
shown in Figure 2-13. For polymers with some hydrophobic character, the cluster size
starts at a smaller value but decreases more slowly, reaching the single particle size with
2.5 acrylic acid groups/surface iron ion. Since more than the stoichiometric amount of
polymer is required to stabilize individual particles, the cause of clustering is not an
insufficient number of attachment groups, but rather to the kinetics of polymer adsorption
relative to the kinetics of agglomeration. A model based on this mechanism is developed
later.
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Figure 2-13. a) Cluster size for clusters formed with limited polymer near Xmin. As the
ratio of attachment groups (COO-) to surface iron atoms is decreased from the large
excess in Figure 2-10, the clusters become larger. The open triangles are for coatings
with 25-75% SSA, closed diamonds for polymers with no SSA.
b) stability in NaCl of clusters in part a. Only the smallest clusters are stable, while all
clusters larger than 50nm aggregate further in high ionic strength environments.
82
I I I
2.5 Cluster Stability and Requirement for Secondary
Polymer
We have shown above that there are many coatings that form clusters that are
large enough (>50nm) to be captured by HGMS. These clusters are all stable in pure
water, due to strong surface charge and the resulting inter-particle electrostatic repulsion,
but not to moderate changes in ionic strength where charge stabilizing mechanisms break
down. These clusters are not, therefore, particularly suitable for use in separation
processes performed in high ionic strength media. We show below that this instability
problem can be overcome through the addition of a secondary polymer to complete the
coating of the surface sites left vacant because of insufficient primary polymer addition.
2.5.1 Effect of Secondary Polymer Addition
In Figure 2-14a we show the effect on cluster size of the addition of a secondary
polymer, polyacrylic acid, fifteen minutes into the particle synthesis. The primary
particles were synthesized with a 1.1 molar ratio of carboxyl groups to surface iron
atoms, for which some initial clustering occurs to give aggregates of 74 nm in diameter.
The cluster size is essentially unchanged by the addition of the secondary polymerwhen
its molecular weight is small (<15kDa, Xw < 200), but when larger polymers are added,
the cluster size increases, presumably due to bridging interactions. These results indicate,
first, that the initial clustering process is completed within fifteen minutes, otherwise the
added low molecular weight polymer would occupy sites that would normally be
responsible for partial instability and growth of clusters, and hence prevent this cluster
formation, i.e., it would lead to a reduction in cluster size. Second, for large added
secondary polymers, bridging can occur over long time frames, certainly after fifteen
minutes into synthesis. For this bridging to occur, the degree of polymerization of the
secondary polymer should be greater than that of the primary polymer to ensure that the
coatings on both particles to be bridged can be spanned by the secondary polymer. This is
indeed the case, as the upturn in the curve in Figure 2-14a occurs near the Xw indicated
for the primary polymer.
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Figure 2-14 a) Particle size vs. size of poly acrylic acid secondary polymer for
aggregates starting at 74nm. Minimal changes in particle size are seen until the
secondary polymer becomes larger than the primary polymer (primary XW=85) above
which bridging occurs. This result verifies both that the particles are incompletely
coated, allowing bridges to form, as well as that bridging can occur much later in
synthesis than clustering.
b) Cluster sizes obtained with 100kDa PAA as secondary polymer for polymers with
various ratios of acrylic acid to surface iron. When a large excess of primary polymer is
added, the cluster size still increases, but to a lesser extent than when less primary
polymer is added, indicating that bare surfaces are still present, to a lesser degree.
Bridging occurs for all particles, even those synthesized with a large ratio of
acrylic acid to iron, as shown in Figure 2-14b. The lower curve is for initial clusters
formed with the primary polymer only, again showing the stabilization of individual
particles at higher carboxyl/ surface iron molar ratios seen in Figure 2-14a. The upper
curve shows clearly that the addition of a high molecular weight (100 kDa) secondary
polymer leads to the formation of clusters by bridging, indicating that even when the
individual particles are well-stabilized by the primary polymer, there are vacant sites on
the particle surfaces available for the attachment of the secondary polymer
The effect of the addition of low molecular weight (5 kDa) secondary polymer on
the stability of 74 nm clusters is shown in Figure 2-15, where the critical coagulation salt
(NaCl) concentration is shown as a function of the total molar ratio of the acrylic acid
(primary and secondary) to surface iron. At a molar ratio of 1.1 (i.e., before the addition
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of the secondary polymer), the clusters are not stable even to small changes in ionic
strength. The stability improves with increasing amounts of secondary polymer added to
the suspension (i.e., increasing molar ratio), and are completely stabilized at a total molar
ratio of about 2.5. In the absence of the secondary polymer only individual particles
could be synthesized to be stable at high salt concentrations, but these particles were too
small to be captured by HGMS.
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Figure 2-15. Stability of particles formed with secondary polymer added. The total
amount of attachment groups required to form stable clusters is similar for particles
formed with a large excess of primary polymer (see Figure 2-13b) and for those where
stabilization is by secondary polymer. The clusters shown here are all 70-100nm in
diameter, while stable particles with one polymer addition are much smaller (20-40nm).
The importance of these results is that they show that we can de-couple the
clustering step, which happens over very short times, and the coating step needed for
stabilization of these clusters, which can take place over longer time scales, allowing
stable clusters of any desired size to be synthesized.
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2.5.2 Stabilization of large clusters by secondary polymer; the
requirement for decoupling clustering and stabilization steps
In order to synthesize particles that are useful in a wide range of applications, the
cluster size must be larger than 50nm, and the resulting clusters must be stable. In the
prior sections, the factors that affect clustering and stability have been outlined, and we
can now see why multiple coatings are necessary for useful particles.
When the molecular weight of the polymer coating is varied, clusters are formed
when Xw is substantially smaller or larger than X,i,. However, the resulting clusters are
not stable, even when a large excess of polymer is added. Since the nature of the
polymer cannot be easily changed after synthesis, the instability will also be difficult if
not impossible to remove and clusters made with polymer far from Xmi, will not be
useful.
If polymer with size of approximately Xmi, is used in limited amounts, clusters are
formed, but the resulting clusters are also unstable. However, in this case the instability
is not due to the nature of the coating, which is difficult to change, but rather the amount
of the coating, which can easily be changed by adding more polymer. With this insight,
it directly follows that the addition of a secondary polymer at a time after the clusters are
formed should stabilize the clusters, without significantly changing the cluster size. This
is in fact the case, and the clusters thus formed are extremely stable, with critical
coagulation concentrations in NaCl above 5M, while clusters formed by other methods
all have critical coagulation concentrations in NaCl below 1M, with many below O. M.
Without any change in the materials used, the utility of the particles can be greatly
improved by a small change in synthesis method.
2.6 Analysis of Clustering and Stability
The clustering behavior outlined in the previous section will now be examined by
quantifying the particle interaction energy at the synthesis conditions. Using this
information, we provide estimates of the size of polymer that results in maximal stability,
as well as a model to predict the size of the clusters when limited polymer is used. In
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addition the size of the particles formed above and below Xmi, have been examined to
provide insight into the mechanisms of formation, allowing cluster size prediction for an
arbitrary polymer and an explanation of the relative instability of the resulting clusters,
further highlighting the need for multiple coatings.
2.6.1 Particle interaction energies
The clustering behavior of the particles in the absence of bridging is dominated by
the interparticle interactions. For polymer coated magnetic particles, the primary forces
are the long range van der Waals interactions, electrostatic interactions, steric interactions
of interpenetrating polymer coatings and magnetic dipole-dipole interactions. All these
interactions can be estimated as a function of the separation distance of the particles using
suitable models. It has been noted that the magnetic dipole-dipole interactions, in the
absence of an applied field, are less than lkT, and will thus be ignored in this analysis2 2.
Of the remaining interactions, the nature of the polymer coating determines particle-
particle interactions, by screening van der Waals interactions of the cores, enhancing
electrostatic interactions and through the steric repulsion of the polymer layers.
The main attractive energy for magnetic nanoparticles is due to the van der Waals
interactions of the magnetite cores, as well as that of the coatings for more hydrophobic
particles22. For a core-shell structure, the van der Waals interaction is given by23
-12u,, = (A _A' H ; + (A A
I/ 2 dI232} 12). t \d)( (2-6)
+ 2(A2 -Al/2(A/2 - AlP d d
where
H(x;y)= y + Y x2 +2xy+x (2-7)H (x; 2 +y+ 21n 22
x +2xy+x x2 ±2xy+x+y x +2xy+x+y
and Ap, Ac and Am represent the Hamaker constants for the particles, coatings and medium
respectively. The particle core surface to surface distance is s, the polymer coating
thickness is , and the iron oxide core diameter is d. For hydrophilic polymers without
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any hydrophobic domains, the Hamaker constant for the coating and medium are
essentially the same, and only the interactions of the magnetite cores will contribute to
the attractive force between the particles and the interaction energy will reduce to
-12u,, = (Al2 l-A r c(a d b) (2-8)
The particles are coated by polyelectrolytes, and thus will be electrostatically
repulsed. The energy of interaction between two charged spheres has been estimated the
linear superposition approach to be:24 25
Ue = 2zE££0a(iV/)2 2 exp(- Ad) (2-9)
2+(ha)
where h=s-2, yf is the surface potential of an isolated particle, which is approximately
the zeta potential of the particle, K is the inverse debye length, c is the dielectric constant,
and Co is the permitivity of free space.
2.6.2 Layer thickness required for Stability -Attractions between
layers
When there are hydrophobic domains in the polymer, such as the aromatic rings
on styrenesulfonic acid, the Hamaker constant of the polymer is no longer the same as
that of the aqueous medium. In this case, the van der Waals attractive force becomes
strong when the polymer coatings come in close contact. When the attractive forces
dominate before the coatings can touch, the steric interactions of the coatings are no
longer important, and the problem reduces to a standard DLVO balance between van der
Waals and electrostatic interactions. In this case, increasing the layer thickness results in
increased stability, due mainly to increased electrostatic repulsion with larger particle
diameter, but also due to reduced van der Waals interactions because of the lower
Hamaker constants of the polymer relative to that of the magnetite core. The Hamaker
constants for the polymer were estimated by assuming that the polymer is a binary
mixture of water and polystyrene, where the total volume is the volume in a sphere with a
radius equal to the radius of gyration of the polymer and the number of styrene molecules
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is equal to the number of styrenesulfonic acid units in a single polymer, with the balance
water, as shown see Figure 2-17. For the cationic polymers, the Hamaker constants were
estimated by the relative number of hydrophobic carbons in the cationic repeat unit to
those in SSA. Thus, each AAMTMAC repeat unit was assumed to be /2 of an SSA, from
the propyl group, and VBTMAC was assumed to be 7/6 of an SSA, from the extra methyl
group. The energy profiles are shown in Figure 2-16 for a constant Hamaker constant,
approximately equal to the average value for 75% SSA. The required layer thickness
required for attracting polymers depends on the Hamaker constant, with more
hydrophobic polymers requiring thicker coatings.
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Figure 2-16 Interaction energy for attracting polymers vs. (A= 2.3 x 10-22J). When no
coating is present, there is little barrier to aggregation. As the layer thickness increases,
the activation energy to aggregation increases, both because the polymer has a lower
Hamaker constant than magnetite (4.8 x 10-21 J) and because the increasing size increases
electrostatic repulsion. Ionic strength =-0.7M, /W=-5OmV.
When the polymers have a finite Hamaker constant, the height of the energy
barrier is a strong function of the ionic strength of the medium. Thus S will have to be
larger when the ionic strength is higher than synthesis conditions.
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2.6.3 Effect of molecular weight on 6
In order to tie the results from the previous sections to the observed clustering
behavior, a relationship between dand the polymer molecular weight must be assumed.
The relation between polymer size and layer thickness typically scales with the radius of
gyration 26 27 for relatively small polymers. If we assume that the layer thickness is twice
the radius of gyration of the polymer, then the layer thickness required for stability can be
calculated. As shown in Figure 2-18, Xmin agrees well with the predicted Xmi, using the
prior assumptions for small SSA fractions. However, the curvature of the particles will
limit the upper thickness of the coating, since the coating far away from the surface will
tend to be diffuse and provide little stability.2 7 If we assume that the maximum layer
thickness is the diameter of the particle, 7.5nm, the predicted Xmin matches at all
compositions. This simple result indicates that the clustering below Xmin is explained by
insufficient layer thickness and attractions between the polymer layers. Thus we are able
to predict the molecular weight required for stabilization based only on the composition
of the polymer, the Hamaker constants of the components, and the size of the polymer,
which may be useful as a starting point for an arbitrary polymer.
I I
Figure 2-17. Schematic of method used to estimate layer thickness () and the Hamaker
constant for the coating. The Hamaker constant is estimated by assuming that the
polymer a sphere with the radius Rg,oly, and binary mixture of n styrene molecules
(number of SSA repeat units in the backbone) in a volume of water equal to the volume
of the sphere. The layer thickness is assumed to be 2Rg poly, up to a maximum of 7.5 nm
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The maximum stability of the particles occurred with molecular weights higher
than the amount required for a minimum size, particularly for hydrophobic polymers.
This is explained by the fact that while the particles may be stable at the synthesis
conditions of 0.7M, a thicker coating is required for the particles to be stable at 5M.
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Figure 2-18. Comparison of Xmi, for several compositions of styrenesulfonic acid (open
markers) and for the SSA fraction resulting in the same hydrophobicity for cationic
polymers (closed markers) with the Xmi, required for an energy barrier of 15kT with
Hamaker constant and 6 of that polymer estimated as shown in Figure 2-17 (solid line),
when S is limited to a maximum of 7.5 nm. If no a, is used to account for curvature of
the particles, the fit fails at higher hydrophobicities (dashed line).
2.6.4 Clustering Model with limited polymer
Based on the particle-particle interactions of well coated particles, we postulate a
model for the clustering of particles in the presence of insufficient polymer. When the
polymer is larger than Xmi,, but small enough that bridging is limited, it is expected that
coated surfaces will not aggregate. However if the coating is not complete, the barrier
for aggregation of uncoated particles is low and the aggregation would be expected to be
limited only by diffusion and fractional coating.
If we ignore the kinetics of nucleation and assume that the cores are initially
7.5nm uncoated magnetite spheres, we can analyze the rate of aggregation as diffusion
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limited colloidal aggregation (DLCA), modified with a probability of aggregation less
than unity, based on coating of the particles. The rate of particle aggregation in such a
system will be:' 3 14
dM _ 4kTM2
= _ 1PM (2-11)
where M is the total number of particles in a given volume, is the viscosity and PM is
the probability of a collision resulting in aggregation. Assuming that a collision of two
bare surfaces will result in aggregation, while if either surface is completely coated, no
aggregation will occur, the resulting probability is:
M = (1-0)2 (2-12)
where 0 is the fractional coating of the particle. If we assume that the particle has nm
binding sites, that each polymer can block np sites where np is the total number of
carboxylic acid groups on the backbone of the polymer, and the fractional coating is
equal to the fraction of binding sites blocked, then 0 can be calculated by the rate of free
polymer adsorption:
dOp dp(n__P (2-13)
dt dt )(nmM (2-13
where P is the number of polymer molecules in a given volume, Mo is the number of
magnetite cores initially in the control volume, and Op is the coating due to polymer
adsorption. Since a binding site can be blocked by another core as well as by the
polymer, a factor to account for cores blocking binding sites is needed.
=P M (2-14)
The rate of polymer disappearance will be related to the diffusion limited rate of
collisions between magnetite cores and polymer molecules by:28
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dP =-4(R+ GPO y)2(D P + DMXM.PX -)ekT (2-15)dt
where RM is the radius of the aggregate core, RGply is the radius of gyration of the
polymer, DM and Dp the particle and polymer diffusion coefficients, and EA is the
activation energy for polymer adsorption. Since magnetite has a pI of around 6, at the pH
of synthesis, around 13-14, both magnetite and the polymer are negatively charged and
there will be an energy barrier for polymer adsorption.
With the preceding equations, the number of particles in a given volume can be
calculated. All that is needed to calculate the cluster size is to note that the aggregation
number, or the number of cores in an average cluster, is M/Mo, where Mo is the initial
number of particles in the control volume. Since the mechanism indicates core-to-core
contact, the core of the cluster will have a size of
DH =DpM + 4RG,po ly (2-16)
where DF is the fractal dimension of the cluster, expected to be around 2.0 for diffusion
limited colloidal aggregation. The size of the coating can be approximated as twice the
radius of gyration of the polymer.
These equations were solved for the polymer combinations shown in Figure 2-13.
Note that the only fit parameter is the activation energy of the polymer-core interaction,
and was found to be 4.8 kT. The fit is shown in Figure 2-19. The simulations indicate
that the cluster size is constant in a few milliseconds. Even if the time progression is off
by several orders of magnitude, this result indicates that the particle size is set well before
the addition of a second polymer at 15 minutes.
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Figure 2-19. Cluster size and model fits for clusters formed with limited polymer. The
open triangles are for coatings with 25-75% SSA, closed diamonds for polymers with no
SSA. The solid line is a fit for polymers with no SSA (X,=22) with Ea of 4.8 kT. The
dashed line is the predicted size for polymers with SSA (XW=200).
The fit of the model is within experimental error for all but the largest clusters
formed with larger polymers. When a larger polymer molecule is coating the surfaces,
the model assumption that clustering occurs until 0 is unity will likely break down, since
a partially coated surface will limit aggregation due to steric effects. However, the
resulting clusters are not stable, thus explaining the stabilization that occurs with the
secondary polymer.
2.6.5 Cluster size prediction below X,i,
Based on the methods in the previous section, we are able to predict the size of
clusters formed with polymers smaller than X,,n. The interaction energy between fractal
clusters and individual nanoparticles has been analyzed by the method developed by Shen
et al.2 7 with the added assumption that clusters will grow if the energy barrier for
aggregation is >15kT, allowing calculation the cluster size
The variation of the electrostatic interaction energy with interparticle distance, s,
can be approximated by a simplified form of the equations given by Hogg et al., 29 by:
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Ue = 4r0o IRp R I(V)2 ln( + exp(-R,)) (2-17)
As R,l/Rp increases, the electrostatic interaction energy increases, which accounts
for the finite cluster sizes formed by primary particles coated with polymers smaller than
Xmin.
Similarly, we can approximate the van der Waals interactions by treating the
particles and clusters as uniform spheres of constant effective Hamaker constant, Aeff
according to
w- 12u, =Af ( R ) (2-18)
Similarly, we assume that we can approximate the van der Waal interactions
through some Hamaker constant averaged over the particle cluster through the expression
Aeff = (AAcl )I2 = -A4 (2-19)
wheref is the volume fraction of particles in the cluster, which can be estimated in terms
of the fractal dimension through the equation f = (R p/R ) 3 - D . The effective Hamaker
constant for the interaction of the particle with the cluster depends on the particle density
within the cluster, and in particular on the particle density near the cluster surface, as the
void spaces are filled with solvent and do not contribute to the particle/cluster
interactions.
Substituting the new expressions for the interaction energy of a cluster and
primary particle, and using the expressions for and the Hamaker constant from the
previous section, the cluster size required for a barrier of 15kT can be calculated. The
results are shown along with the bridging results in the next section in Figure 2-23, and
agree with the actual cluster sizes well for a wide range of polymer sizes and
compositions, considering the simplifications and approximations used. The mechanism
developed here is strongly dependent on the ionic strength of the medium, indicating that
coagulation in high ionic strength medium is expected and ultra stable clusters cannot be
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formed by simply using a polymer smaller than Xmin. The importance of the layer
thickness and hydrobicity of the stability of the particles also explains the extreme
stability of clusters formed with a hydrophobic 1st coating and a hydrophilic 2nd coating.
The hydrophobic 1St coating results in a thicker coating, as evidenced by a later transition
to bridging, while the 2n d coating will tend to have a more extended structure and will
dominate the outer layer of the coating,30 lowering the coating Hamaker constant. Thus,
both a thick coating and minimal Hamaker constant can be combined in a single particle.
2.6.6 Cluster Size from Bridging
In the previous sections, the clusters formed by small polymers (below Xmi,,) and
limited polymer have been explained. With the insights of the kinetics of polymer
adsorption from the limited polymer clustering section, we can also predict the cluster
size due to bridging. Several expressions exist for the size of clusters formed by bridging
in the literature,28' 31 ' 32 However, the existing models are designed to explain the behavior
when large polymers (on the order of 106Da) of an opposite charge to a colloid adsorb
and cause flocculation, such as in wastewater treatment. In such a case, the amount of
polymer in the system is much less than the amount of colloid, since bridging is most
efficient with partial coating (=0.5), the polymer adsorption has no significant energy
barrier and coagulation occurs on a time scale similar to DLCA. None of these
conditions is true in the case examined in this paper; bridging occurs after coating is
nearly complete, since the ratio of polymer to colloid is much higher than in the typically
modeled case, and is characterized with a sizeable activation energy for adsorption. The
much slower rate of bridging relative to coating is experimentally verified by the
observation that bridging can be induced readily by the addition of a secondary polymer
15 minutes into synthesis when a sufficiently large polymer is used, while the core to
core model predicts that coating will occur over a time scale of milliseconds. Thus, a new
model for bridging which accounts for the size of bridged clusters formed with nearly
completely coated particles needs to be formulated to explain the observed bridging
behavior.
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As in the clustering model for polymers smaller than Xmi,, we have assumed that
bridging stops when the probability of a bridge forming during a collision is the same as
for an energy barrier of 15kT. We then found the cluster size with the following model to
predict the probability of a bridge forming during a collision. The probability consists of
two parts; the probability that a polymer attached to a primary particle can contact a
magnetite core in a cluster, and the probability that the polymer-magnetite collision will
result in adsorption.
The probability that a collision of a particle and a fractal aggregate will result in
the extended polymer reaching a magnetite core is equal to the number of layers that the
polymer tail can penetrate times the volume fraction of magnetite in that layer. If we
assume that the polymer size remains the same as in solution the length of the tails will
be 2 Rg,poy, and the depth of penetration normalized to the number of aggregation layers
penetrated is:
Dpoly -8 2Rg,poly(XW)-2Rg,poly(Xmin)-K (2-20)
pen DP D(2-20)
where Dpen is the depth of polymer penetration, Dpoly is the polymer diameter, and 8 is the
thickness of the inner stabilizing layer, which we have approximated as the layer
thickness at Xi, plus the electrostatic layer, which is K and Dp is the size of a primary
particle. The probability that there will be a magnetite core in the region that the tail
penetrates is equal to the volume fraction of particles at the outer surface times the
volume fraction of magnetite in a primary particle or:
ma j (DF -3) (/ (D (2-21)
3 Dmag 3 DP Dt
where Pmag is the probability of the polymer tail reaching a magnetite core, Dt is the
cluster diameter, ,p is the volume fraction of magnetite in a primary cluster, and Dm is the
diameter of the magnetite core . If we assume a fractal dimension of 2.0 and that the
primary particle size is the diameter of the magnetite core plus 2Rg,,poy up to a maximum
size of 22.5nm, corresponding to a layer thickness of 7.5nm, then the only unknown in
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equations 2-20 and 2-21 is the cluster diameter. A schematic of this mechanism for
bridging is shown in Figure 2-20.
Figure 2-20. Schematic of bridging between a fractal aggregate and a single particle,
with the relevant length scales indicated. The probability of a polymer attaching to a core
in the aggregate increases as the polymer size increases, and decreases as the aggregate
grows.
The remaining component of the bridging probability is the probability of
adsorption after the polymer has come in contact with a magnetite core. This probability
equal to the probability of a binding site being open times the activation energy of
adsorption or:
(2-22)Ads = (_ - EakT
We have assumed that the activation energy for bridging to be the same as in the
clustering model in the previous section, 4.8kT. 0 is expected to be a value near unity,
since sufficient polymer has been added to coat the entire magnetite surface. However,
since it would be very unfavorable entropically for all sites to be bound, particularly with
polymers bound to multiple sites, the value will be expected to be slightly below unity.
The exact value is not easily estimated, and this parameter is used as a global fit
parameter for all polymer compositions.
98
L
F
Dpo01 = 
2 RG
8
I
Combining the probabilities derived above and setting them equal to the total
probability of an energy barrier of 1 5kT:
PAdsPmag = e- 15 (2-23)
Dl ( 3 Cp (DPOIY - 3 -' X I5 EA ) F(2-24)
All parameters in equation 2-24 have been estimated above with the exception of
0. This equation was solved for all particles formed with polymers larger than Xmi,, and a
global fit of 0 yielded a value of 0.98. The model fits quite well to the entire range of
compositions for both anionic and cationic polymers, as shown in Figure 2-21. Thus, the
mechanism indicated seems to be general and useful for all polymers chosen. The
observation that even when a large excess of polymer is used that there is still incomplete
coating explains the lack of stability, particularly in high ionic strength media, of bridged
particles. To assure long term stability, use of polymers where 2Rg,poly<5 is desired, so
that bridging cannot occur.
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Figure 2-21. Size data used to fit . The x-axis is made up of all the terms in equation 2-
24 that differ from polymer to polymer, allowing a single fit to all data.
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When this model is combined with the clustering model for polymers below Xmin,
the entire range of polymer sizes can be modeled. An example of the models, along with
the expression for a single particle is shown in Figure 2-22, with the actual cluster size
predicted by the largest of the three models. The general behavior of the cluster size as a
function of polymer molecular weight is captured. When the models are compared with
data, with examples shown in Figure 2-23, the fit is surprisingly good, considering the
simplicity of the models. Along with the clustering model for limited polymer at Xmin,
and these models for clustering away from Xmi,, the cluster sizes from a wide range of
polymer coatings can be predicted with only E, and as fit parameters. The general
method and equations should be applicable to a wide range of polymers, allowing rational
design of magnetic fluids for specific applications.
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Figure 2-22. Example of the predicted sizes below and above Xmi,. The three relavent
sizes are the size that results in an energy barrier of 15kT from equations 2-17 thru 2-19,
the size of a primary particle, and the size predicted by equation 2-24. The largest of the
three sizes will be the actual size, as shown by the bold line.
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Figure 2-23. Predictions for 0% and 75% SSA. Although the models are significant
oversimplifications of the actual clustering behavior, both data sets are fit semi-
quantitatively with only 0 as a global fit parameter.
2.7 General method of synthesizing stable clusters
Based on the results in the previous sections, a general method for synthesizing
stable clusters is proposed, using three steps:
1. Find a polymer that effectively stabilizes primary particles. This can be
facilitated with the models developed in section 2.6.3. Alternatively if a
polymer that results in single, stable particles is already known, it may be
used.
2. Find the amount of polymer required for clusters of the desired size. This
can either be done with trial and error, if the attachment mechanism is
unknown, or with the model developed in section 2.6.4. In general, to make
larger clusters, reduce the amount of polymer.
3. Add sufficient secondary polymer to stabilize the clusters. This will
typically be the amount of polymer required to make single particles.
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With this basic method, stable clusters of any desired size should be easily
synthesized with materials already developed for making individual stable particles, and
will serve as a basis for design of polymers to make new stable clusters.
2.8 Application to other polymer systems
To further verify that the two step method for developing stable clusters
developed in this chapter is widely useful, clusters of particles as made by Moeser et al.
were produced. The polymer coating of these particles consists of of poly(ethylene
oxide) and poly(propylene oxide) grafted onto a backbone of poly(acrylic acid). This
polymer system was chosen as a test for the models since unclustered particles with these
coatings have been shown to be useful in hydrophobic solubilization, 6 and are extremely
stable3 3 but are poorly captured with HGMS.9 Additionally, bridging clustering
experiments performed by Moeser are explained with the bridging model developed in
this chapter with no new fitting of parameters. Due to the much different coating
structure, the direct application of the bridging model indicates that the mechanism
described is general and can be applied to many different polymer coatings.
Since the particles described by Moeser6' 9 were extremely stable when an excess
of polymer is added, there was no need to vary molecular weight to find Xmi,. It is
expected that the range of molecular weights that make stable particles is much wider
than with a linear polymer since the layer thickness is effectively decoupled from the
backbone length in a brush copolymer. The first step in producing clusters was thus the
find the amount of stabilizer needed to create particles of the desired size. It has been
reported that 1.25g/g magnetite of polymer are required to make stable particles, so the
total amount of polymer added was 1.25g, but the amount added at nucleation was
reduced. Unlike particles formed with the random copolymer, the size of the particles is
not directly related to the attachment group density, but is related to the mass of PEO side
chains that are present at nucleation, as shown in Figure 2-24. These particles are
stabilized almost entirely by the side chains, with the backbone providing only
attachment. The backbone provides attachment and stabilization when random
copolymers are used, thus explaining the decoupling of the effects with PEO based
102
polymers. The clusters developed were all stable in high (>1M) salt solutions, with no
discernable difference in stability between larger and smaller particles. This result
shows that clustering of stable nanoparticles by simply changing the amount of polymer
present at nucleation while keeping the total amount of polymer constant is a widely
applicable method. The larger clusters are expected to be easily captured in HGMS and
will greatly increase the usefulness of the particles in real separations, without any
increase in material cost and only a minor increase in synthesis complexity.
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Figure 2-24. Cluster size vs. mass of stabilizer with PAA with PEO/PPO side chains.
The size of the clusters depends strongly on the amount of PEO present for two
compositions of polymer. 8/8 refers to a 8% grafting of PEO, 8% PPO, while 16/0 has
16% PEO side chain density.
The bridging model predications have also been applied to particles made by
Moeser et al.33 using the PAA copolymer along with PAA as a cross linker. The structure
of the coating for individual particles is well established, with a coating thickness of
9.4nm. Assuming that the fractional coating and activation energy for polymer
attachment are identical to the particles made with random copolymers, the sizes of the
clusters are predicted as shown in Figure 2-25. Although the cluster size is slightly over
predicted, it is interesting to note that particles with much different coating morphology
and in particular a much more dense coating form about the same size of bridged
aggregates, showing the wide generality of this theory.
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Figure 2-25. Size of bridged aggregates made with 16/0 and PAA homopolymer of
varied molecular weight, from Moeser.33 The predicted line is using parameters from the
particles synthesized in this work, only varying the layer thickness of the coating on the
primary particle to the known value of 9.4nm.
2.9 Conclusions
We have introduced a new class of magnetic nanoparticles with controllable
cluster size and extreme stability in high ionic strength media. In order to obtain particles
that are both stable and can be captured, an optimal molecular weight polymer, near Xmi,,
must be used in limited amounts to get the desired cluster size, followed by a secondary
addition of a hydrophilic, low molecular weight polymer for stabilization. The resulting
particles can be made to a desired size, and when larger than 50 nm can be captured in
HGMS, and are stable over a wide range of ionic strength and pH. Clusters of useful
size and stability could not be synthesized with the use of a single polymer coating of any
composition or amount, but clusters of a wide range of hydrophobicity and of both
positive and negative charge could easily be made by decoupling the clustering and
stabilization step. This method should be widely useful in producing magnetic
nanoparticles for a wide range of uses.
The two parameters that are required to make the desired size and stability are
Xmi, and the amount of polymer in the first coating. The optimum molecular weight
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(Xmi,) can be estimated using standard DLVO analysis with an estimated polymer
Hamaker constant based on the monomers used and the size of the polymer in solution.
The size of the clusters can be estimated with DLCA kinetics modified with a sticking
probability based on fractional coating. Both of these approaches have relied on minimal
fitted constants and should be useful for a many polymers. The use and optimization of
these particles for use in purification of recombinant proteins from fermentation broth is
ongoing and will be the topic of a later chapter.
Additionally, the cluster size of non-optimal polymers, either larger or smaller
than Xmi,, has also been predicted, with only one fit parameter. Both of the mechanisms
developed indicate that the stability of clusters made with polymers larger or smaller than
X,min will be strongly dependent on ionic strength, providing further verification of the
need for decoupling of the coating and stabilizing steps. The bridging model has been
further verified by its close prediction of the size of bridged aggregates made with a
polymer of much different structure.
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Chapter 3
High Gradient Magnetic Separation of Magnetic Nanoclusters
3.1 Introduction
In the previous chapter, the synthesis of stable magnetic nanoclusters was
outlined. The motivation for making clusters was to improve capture by high gradient
magnetic separation (HGMS).1 In this chapter, the capture of the magnetic nanoclusters
in HGMS will be explored in detail. Not only do clusters of nanoparticles allow improved
capture in HGMS, but the ability to tune the cluster size with the methods outlined in
Chapter 2 allows a more systematic experimental study of HGMS than has been possible
with previous synthesis methods.
In magnetic nanocluster based separations, diffusion and equilibration occur on
the order of milliseconds, and the magnetic capture step will nearly always be the rate
limiting step in the overall separation. Thus, understanding HGMS is extremely
important for separations based on magnetic nanoclusters. In this Chapter, not only is a
detailed experimental analysis of HGMS performed, but also existing models of HGMS
are extended to explain the observed behavior, allowing design and optimization of
HGMS separation processes.
HGMS systems consist of a packed bed of magnetically susceptible wires or
spheres placed within a magnetic field. The wires dehomogenize the magnetic field,
creating strong magnetic field gradients and hence a magnetic force on the nanoparticle:2
Fm =, oVpMp -VH (3-1)
where uo is the permeability of free space, Vp is the volume of the particle, Mp is the
magnetization of the particle, and H is the magnetic field at the location of the particle.
For effective capture, this force must be large enough to overcome fluid drag and
diffusion to allow accumulation of the particles on the column packing material.
Typically the void fraction in the bed is high allowing large interstitial spaces for
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colloidal debris to flow through. HGMS has been utilized in industry for several decades
in steel mill waste streams3 and in kaolin clay benefaction. 4 The use of HGMS for
recovery of micron sized aggregates is widespread at the research level, with many
experimental and theoretical papers published.2 5 '3 When HGMS is utilized for recovery
of nanoparticles, the effects of diffusion must be taken into account,l' 14' 5 and separation
becomes difficult for particles smaller than 40nm.
Due to the relatively open structure in an HGMS column, the interaction of wires
is often ignored in calculations, and many models of capture by a single wire have been
postulated, both based on particle trajectories2' 9and on the limits of buildup. 1'4 Several
papers further extend the effects of a single wire to a column, based on filtration
models.7"3 However, the filtration models depend on inertial effects that are largely
absent in nanoparticle dispersions, while ignoring diffusive effects that are prevalent with
nanoparticles.
In this chapter, the basic methodology of Fletcherl4 and the improvements of
Moeser' are used as a starting point for analysis. These methods allow the prediction of
capture based on a simple force balance at the outer edge of the solid buildup on a wire,
rather than solving the particle trajectories of the nanoparticles. These ideas are then
extended from single wire models, which allow only qualitative prediction of capture, to
a quantitative model to predict the performance of an entire column of wires.
Additionally, the effects of polydispersity and a new functional form for double layer
interactions are developed. All model predictions are verified experimentally with fractal
aggregates of the desired size, as synthesized in Chapter 2. With this model, optimization
of HGMS as a unit operation can be incorporated into process models. Finally, new
parameters that arise from the column model are developed that provide more physical
insight into HGMS and allow quantitative prediction of capture, without requiring
solution of the entire set of model equations.
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3.2 Experimental
3.2.1 Materials
Ferric chloride hexahydrate (97%), ferrous chloride tetrahydrate (99%),
vinylsulfonic acid sodium salt (technical, 25% in water), 4-styrenesulfonic acid sodium
salt hydrate (technical), acrylic acid (99%) and potassium persulfate (99% ACS reagent)
were obtained from Sigma-Aldrich and used as received. Ammonium hydroxide (29.7%
in water), sodium chloride and sodium metabisulfate were obtained from Mallincrodt,
and used as received.
3.2.2 Particle Synthesis
Nanoclusters were synthesized as outlined in Chapter 2. The first polymer used
was 25% acrylic acid, 25% styrene sulfonic acid and 50% vinyl sulfonic acid added in
varied amounts. The secondary coating polymer used was poly(acrylic acid) with a
molecular weight of 8000. The first coating was added in amounts of 0. 16g/g magnetite
(140nm clusters) 0.48g/g magnetite (1 lOnm clusters) or 0.8g/g magnetite (80nm
clusters). To keep the total composition relatively constant between the different clusters,
a secondary coating of the co-polymer was added to the larger clusters 8 minutes into
synthesis, to a total of 0.8g/g magnetite during the first 2 coatings. A final coating of
8000 molecular weight poly acrylic acid (0.5 g/g magnetite) was added 15 minutes into
synthesis to complete stabilization.
3.2.3 HGMS Procedure
Two types of HGMS experiments were performed. First batch experiments with
a small column were performed to rapidly screen a wide range of magnetic nanoclusters
for magnetic capture. Based on these screening experiments, a more detailed analysis of
capture throughout magnetic separation runs over a wide range of conditions was
performed using breakthrough analysis.
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3.2.3.1 Batch HGMS Capture
High gradient magnetic separation (HGMS) experiments were performed with a
Model L-1CN Frantz Canister Separator, supplied by S.G. Frantz Co., Inc. (Trenton, NJ).
The HGMS system consisted of a cylindrical glass column with an internal radius of
0.332 cm and a length of 3 cm (a volume of 1 cm3) that was packed with type 430 fine-
grade stainless steel wool (40-66 ptm diameter) also supplied by S.G. Frantz Co., Inc.
The packing occupied 0.12 cm3, resulting in a packing fraction of 12%. A magnetic field
was generated with an attached electromagnet with the direction of the magnetic field
transverse to the direction of flow through the column. The flux density generated
between the two plates was 1.3 T, as measured with a handheld magnetometer.
Magnetic filtration of the particles was performed by passing 20 mL of 0.25 wt%
magnetic nanoparticles through the column with the electromagnet on. This volume is
equal to 20 column volumes, thus the particles captured were assumed to be permanently
captured and not merely hindered by the column. The liquid was pumped at 1.4 mL/min
with a peristaltic pump. The magnet was then turned off and 20 mL of water were passed
through the column to collect and resuspend the captured particles. The fraction of
escaping particles during magnetic washing was determined by chemical iron titration'6
to measure the Fe304 concentration in the filtrate.
3.2.3.2 Breakthrough analysis
For more detailed analysis of the time dependence of HGMS capture, analysis of
the lost particles throughout a run was performed. The HGMS apparatus was identical to
the one used for the batch experiments. The HGMS columns used were plastic columns
0.3 cm in diameter with heights of 3.5 and 10.5 cm (1 and 3 cm3 total volume), both with
packing density of 16%.
HGMS was performed over a range of conditions, typically with 30 column
volumes of material. The lost particles were analyzed with a Hewlett Packard 8453
spectrophotometer at 350nm and, for selected samples, by dynamic light scattering with a
Brookhaven BI-200SM light scattering system at a measurement angle of 90.
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3.3 HGMS Modeling
3.3.1 Overview of Model and System
High gradient magnetic separation of micron-size particles has been modeled
extensively by considering the balance of forces on the particles, 1' 2' 4 specifically viscous
drag forces due to the flowing liquid and magnetic forces. Complete solutions for the
particle trajectory around a single wire,2' 9 as well as models for an entire column, have
been developed.7"'3 However, when nanoparticles are to be captured, diffusion of the
particles away from the wires becomes important. Diffusion has typically been equated
to an equivalent force that is applied to the nanoparticles. l' '4
When diffusion is considered, solutions for the particle trajectories become
computationally intensive. To approximate the capture efficiency, the limit of static
buildup is calculated by performing a simple force balance on a particle around a single
wire. Moeser et al. extended this analysis to equate the area in the stable buildup to the
capture of core-shell magnetic nanoparticles.' In this chapter, these buildup limits will be
used as a starting point to predict the capture of magnetic nanoparticles in a column of
wires.
The HGMS collection process is illustrated schematically in Figure 3-1. A
magnetically susceptible wire of radius a is coated with a static nanoparticle buildup of
radius b. The wire and particle buildup are surrounded by water, with a magnetic
nanoparticle located at a distance r and angle from the wire. A force balance on a
particle on the surface of the buildup is performed and when the forces balance, the upper
limit of buildup, bLa, is found. The size and shape of the stable buildup region gives an
indication of the effect of various parameters on HGMS.
In Moeser et al., the maximum buildup area was related directly to the zones in
the column where nanoparticles will be trapped if they enter.' It was assumed that when
these capture areas incorporate all the interstitial areas of the column, complete capture
occurs. In this chapter, this assumption is further extended to partial capture in stages
along the column length. The model is also extended to account for the reduced capture
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as magnetite builds up in the capture zones and reduces the area for flow, increasing the
velocity. With these improvements, the experimental observations of Moeser, as well as
new experimental evidence, will be explained, allowing prediction of the dynamic
behavior of a column with an arbitrary feed size distribution and concentration.
Figure 3-1. a) Overview of system and model. The HGMS system consists of a column
packed with magnetizable wires with a radius, a, of approximately 50 pm. The magnetic
nanoparticles build up around the wires up to a radius b. (Adapted from Moeser et al. l)
b) Force balance used to find the dimensionless upper limit of buildup, bLa. The
magnetic, diffusive and drag forces are balanced on the surface of the buildup. Also
shown are the number densities of the particles in the buildup (ns) and far from the
buildup (no), which provide the driving force for the diffusive force.
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3.3.2 Buildup Limits
The upper limit of buildup relative to the wire diameter, bLa, has been derived by
Moeser et al. for core-shell nanoparticles at low Reynolds number flows for both
diffusion limited and flow limited cases. The diffusion limit for bLt is:1
bLa = Kmd (3-2)
where n, is the particle density in the solid buildup n is the particle density of the
surrounding fluid and Knd is a dimensionless number comparing magnetic force to
diffusive force
47rpoM, M R 3Km 4 7t'~oMwire core c3ore
3kT
where Mwire and Mcore are the magnetizations of the wire and core respectively, Rcore is the
radius of the magnetite core, k is the Boltzmann constant, T is the temperature and po is
the permeability of free space.
The limit of static buildup in a purely drag force-limited case is
-La =-Kmv sin 0 (3-4)
2 - In Re- n bLa m
where Rshell is the hydrodynamic radius of the nanoparticle, and the Reynolds number
(Re) and Kmv are respectively:
Re 2apV (3-5)
Km 2 oMwireMcoreRcore 
Kmy v (3-6)
9r shello V
where ris the viscosity.
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The limit of static buildup of particles around the wire is assumed to be the upper
limit of the regions where both the diffusion and fluid drag forces are overcome by
magnetic force. Thus in the region where r is less than bL, in both limits, capture will
occur, as shown in Figure 3-2.
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Figure 3-2. Examples of the limit of static buildup, bL,, in both the diffusion limit and
the velocity limit. The actual buildup is the area inside both limits. (adapted from Moeser
et al.l)
3.3.3 Adaptation to Fractal Aggregates
The particles that are examined in this chapter are formed by aggregation of
7.5nm magnetite cores into a fractal core, which is coated with a linear polyelectrolyte.
The models developed by Moeserl can be adapted to this structure by equating the coated
fractal to an effective single particle, as shown in Figure 3-3. This effective particle has
Rshell equal to the hydrodynamic radius of the fractal aggregate. Rcore is equal to the size of
a single spherical core with the same mass of magnetite as all the cores in a fractal
aggregate. The size of the core can be found from the aggregation number via the
relation
Rcore =RcNagg3 (3-7)
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where Rc is the radius of a single core, Nagg is the aggregation number of the fractal. For
clusters formed by core-to-core contact, the fractal size is equal to the hydrodynamic
radius minus the thickness of the polymer layer. Thus the aggregation number is:
N Rshell -2RG,Poly D(3-8)
Rc
where RGOly is the radius of gyration of the polymer and Df is the fractal dimension of
the core, which has been assumed to be 2. Thus the effective core diameter for the
clusters formed by core-to-core contact is:
Df
Rcore = c( Rshell RGPoly (3- 9)
Similarly, clusters formed by bridging can be adapted to an equivalent single
particle. These clusters are also fractal aggregates, but the cores are separated by
polymer shells, with an average separation of 2RG,Poly. Thus the aggregation number and
effective core size are given by:
Rshell Df (3-10)
Nagg- R + R G,Poy (3-10)
and
Dr
core Rc +R GPoly (3-11)
The fraction of magnetite in the bridged aggregate is much lower than in the
aggregate of the same diameter formed by core-to-core contact. Thus, bridged aggregates
are more strongly limited by drag force than are core-to-core clusters.
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Figure 3-3. For use in the model, the fractal aggregates are modeled as equivalent core-
shell particles. The shell diameter is equal to the hydrodynamic diameter of the
nanocluster and the core diameter is equal to the size of a sphere with the same mass of
magnetite as all the cores in the fractal aggregate.
3.3.4 Fractional Capture and Effect of Buildup
Moeser et al. assumed that the fraction of the column that is within the limits of
static buildup is directly related to capture and when the upper limit of static buildup fills
the entire volume, complete HGMS capture will be achieved. 1 Using this assumption as
a starting point, we use this theory to develop a model for the behavior of a column of
single wires. As a nanoparticle flows down the column, it will come in close contact with
many wires. It is not necessary that the entire void volume of the column be within
capture zones for the particle to be captured, as long as the probability is high that at
some point along the column there will be an interaction with a capture zone.
As an approximation of this capture process, it is assumed that the fractional
capture at any point along the column is proportional to the fraction of the void volume
constituting the capture zones. Since we are assuming that the capture zones are identical
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to the limit of static buildup, all that is needed to calculate the fractional capture are the
void volume of the column and the volume of the static buildup limit.
The open volume in the column is:
= 0 - B (3-12)
where 0 is the void fraction, i is the initial void fraction before any magnetite buildup
occurs, and B is the magnetite buildup. When bLa in equations 3-2 and 3-4 is integrated
around the wire, the dimensionless capture volume per unit length of wire (A) is obtained.
Since the wire has a dimensionless radius of 1, the ratio of the buildup area to the wire
area is A/Ir. The fraction of the column that is active wires is
Fc = ) (3-13)
2
The factor of 2 is used to approximate the effects of the random orientation of the wires;
only about half of the wires are oriented correctly for capture. The fraction of the column
that is within the capture zone is:
AC -A - B (3-14)
~ 2
where A is the dimensionless volume per unit length obtained from integrating bL,. The
buildup volume is subtracted because it reduces the area that is available for capture. The
fractional capture can now be calculated as
A(1-i) B
C= A= 2r (3-15)
where C is the fractional capture (with a maximum value of 1). Since the capture zone
(A,) is smaller or equal to the open volume (0), as the column captures magnetite and B
becomes larger, the fractional capture will reduce until eventually B is equal to the
capture zone and no further capture occurs. Additionally, as the column fills, the open
area for flow becomes smaller and the velocity increases, also reducing capture.
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V= VO VO (3-16)
where Vo is the open tube velocity. With the preceding equations the effect of the force
balance and buildup on fractional capture at any point along the column can be
calculated.
The prior equations give the fractional capture for a single capture stage. To
relate this to the total capture within the column, a particle number balance is needed.
The variation in number density of particles along the column length is:
an _ nC (3-17)
ax L
where n is the number density of particles, and L is the height of a theoretical plate.
Since bLa, and thus C is reduced as the particle concentration (n) is reduced in the
diffusion limit and C is also a function of the buildup, the differential equation cannot in
general be solved explicitly. However, when diffusion is not considered, and the wires
are clean, C is a constant and the solution reduces to the standard form for HGMS capture
for larger particles on a clean wire7
= expi- L (3-18)
where C/L=A in traditional nomenclature. However for the particles examined here, C is
a function both of particle concentration, which varies along the length of the column,
and on the buildup, which varies with time and equation 3-17 must be solved
numerically. The rate of buildup (B) at a given point is:
OB nC
aB= n V (3-19)
at n L
where n is the number density in the solid buildup. With these equations, the capture
along the column with time can be calculated, allowing simulation of the breakthrough
behavior of a column.
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3.4 Magnetic Filtration Experiments
Using the methods outlined in Chapter 2, a wide range of cluster sizes can be
formed by core-to-core contact and by polymer bridging. In developing these methods, a
similarly wide range of different types of clusters was produced. To evaluate quickly the
effect of size and morphology on nanocluster capture, many of the nanoclusters were
screened in quick batch HGMS studies. Based on the results of these studies, much more
detailed experiments were performed to analyze the fractional loss and size of lost
particles as a function of many variables.
3.4.1 Batch Filtration of Clustered and Bridged Aggregates
As a first step in analyzing the magnetic capture of the clusters, batch capture
experiments were performed with a short (3cm) column with low packing density (12%).
The overall capture when 20 column volumes of 0.25 wt% magnetic nanoclusters were
passed through the column was measured, and is shown below in Figure 3-4. This
column was specifically designed, with a low packing density and few stages, to make
capture difficult. Thus particles that are nearly completely captured with this column will
be captured much more completely with taller columns and more dense packing.
As pointed out by Moeser et al., individual nanoparticles are not easily captured
by HGMS.' Two methods of clustering have been examined, as detailed in Chapter 2,
bridging and core-to-core contact. The capture of both types of clusters as a function of
size is shown in Figure 3-4. The capture of bridged aggregates is poor, due to very low
magnetite content, and becomes worse as the particles become larger, due to increased
distance between the cores due to larger polymer bridges. When clustering is from core-
to-core contact, the clusters contain much more magnetite than bridged aggregates of the
same size, and the capture becomes nearly complete for sizes larger than about 50nm.
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Figure 3-4. Batch capture of magnetic nanoclusters formed both by bridging and by core-
to-core contact. The bridged aggregates are poorly captured due to low magnetite content,
while core-to-core aggregates are captured nearly completely when larger than about
50nm. All measurements done at 0.068cm/s with a 3cm column, 20 column volumes of
0.25 wt% magnetic nanoparticles.
3.4.2 Breakthrough Experiments
To more closely probe the capture of the magnetite aggregates throughout a
magnetic filtration run, breakthrough curves were obtained by taking samples of the
effluent and measuring the magnetite content. The effect of velocity, particle size,
column height, ionic strength, magnetic field strength, nanocluster concentration and wire
packing density was evaluated.
3.4.3 Overview of variables studied
An HGMS column is affected by many variables. Since strong interactions
between variables are expected, some experiments were performed to study the effects of
the most important variables together. However, due to the many degrees of freedom in
HGMS, it is impractical to study the interactions of all variables and less important
variables were studied at a single condition with all other values held constant.
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Since the goal of this analysis was to maximize the speed of HGMS separation,
the effect of column velocity was considered to be an important variable and was studied
under a wide range of conditions. In the last chapter, methods that allow controlled
clustering were outlined, allowing, for the first time, control of cluster diameter. Thus,
the effect of cluster diameter was also determined at a range of conditions. Finally, this
chapter extends existing nanoparticle HGMS models by accounting for the effect of
multiple stages, and thus the effect of column height was also studied at a range of
conditions. The effect of other variables, such as ionic strength, magnetic field, HGMS
packing density and nanocluster concentration, was also found individually.
3.4.4 Effect of column height, velocity and cluster size on capture
Since column height, velocity and cluster size were deemed to be the most
important variables, experiments were conducted for a range of column heights (3.5 and
L0.5 cm), cluster sizes (80, 110 and 140nm) and velocities (0.3, 0.6, 1.0, 2.0, 3.0 and 4.0
cm/s). All experiments were performed at the maximum magnetic field achievable by
the electromagnet (1.3T), with the same packing fraction (0.16), particle concentration
(0.5 wt%), and ionic strength (0.5M NaCl). The results are shown in Figure 3-5.
As expected, larger clusters, longer columns and slower velocity result in better
capture. However an interesting result is observed when the lost particle sizes are
analyzed, as shown in Figures 3-6 and 3-7. Regardless of the size of the fed particles, the
particles that were lost from the 3.5 cm column are approximately the same and are a
strong function of the column velocity. At lower velocities below about 2cm/s, the lost
particles are much smaller than the average particle size, indicating that the losses are due
mainly to polydispersity and a small population of unclustered nanoparticles. When the
lost particles from the 10.5cm column are analyzed, they are found to be almost
exclusively single nanoparticles with sizes from 20-30nm, even at high velocity. The
difference between the columns is due to a larger number of "stages" in the taller column,
and thus nearly complete capture of all but the very smallest particles. Thus it appears
that the polydispersity of the nanoclusters is more important than the average size of the
clusters, particularly when a sufficiently long column is used. If the small particles can
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be removed during the particle preparation process, then all the clusters shown here can
be captured nearly completely over a wide range of velocities.
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Figure 3-5. Breakthrough experiments with 0.5 wt% nanoclusters in 0.5M NaCl.
Capture was performed with 3 sizes of particles (a-b=80nm;c-d=l 10nm;e-f=140nm) with
2 columns (a,c,e=3.5cm column; b,d,f=10.5cm column). Closed squares are 0.3cm/s,
open triangles are 0.6cm/s, closed diamonds are .Ocm/s, open squares are 2.0cm/s,
closed triangles are 3.0 cm/s and open diamonds are 4.0cm/s. Capture is improved as
size increases, column height increases and velocity decreases.
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Figure 3-6. Average lost particle size for 3.5cm column. The size lost is independent of
the average particle size and is much smaller than the average particle size at all but the
highest velocities, indicating that polydispersity is responsible for uncaptured particles.
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Figure 3-7. Average lost particle size for 10.5cm column. The size lost is much smaller
than the average size and also smaller than for the 3.5 cm column, indicating that larger
particles can be completely captured with a taller column and losses are due to
polydispersity.
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Another important result from the breakthrough curves is the capacity that the
columns have for capture. Up to 50 column volumes of 0.5wt% (or 0.09 vol%) magnetite
can be captured. A 140nm fractal cluster (Dr =2) is only 4.5 vol% magnetite. Thus the
volume fraction of fractal aggregates is about 2% in the feed, indicating that the column
would be completely full with 42 column volumes (16% is already wires). However, the
fractal aggregate is mostly open space, so there must be some interpenetration of the
aggregates in the solid buildup.
3.4.5 Effect of Ionic Strength
The nanoclusters that are being captured have a significant surface charge, and
thus the ionic strength is expected to have a strong effect on capture. Fletcher examined
the effect of charge on nanocluster capture theoretically and predicted that any particles
with a charge greater than about 16 mV will not be captured. 14' 7 However, he assumed
that Ka<<l and that the electrostatic charges would act over long distances. The clusters
examined here are coated with polyelectrolytes and even in the absence of added salt will
have a significant ion concentration and small double layer thickness.
To test the capture of the nanoclusters at varied ionic strength, first the clusters
were cleaned with a tall (22cm) HGMS column at low velocity (0.3 cm/s) to wash away
ions present from synthesis, but to avoid losing significant amounts of nanoclusters. The
nanoclusters were then resuspended in Milli-Q water and the salt concentration was
estimated by conductivity to be 5mM (=0.23 nm-l). Salt was then added in different
amounts and standard breakthrough experiments were performed, as is shown in Figure
3-8. As expected the capture of nanoclusters is reduced as the ionic strength is reduced.
However, the initial capture is very nearly the same, indicating that the charged surfaces
do not affect the interparticle force balance, as proposed by Fletcher, but affect how
tightly the clusters pack near the wire and how fast the capture volumes fill up.
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Figure 3-8. Breakthrough with varied ionic strength with 1lOnm clusters in a 3.5cm
column at lcm/s. The initial breakthrough is similar for all values of ionic strength, but
the column fills and breaks through much more quickly as the double layer thickness is
increased, indicating that the buildup is not as dense.
A simple explanation of this behavior is to assume that the clusters will only pack
tightly enough for the repulsion between clusters to reach kT. Since the results in the
previous section indicate that the clusters pack more tightly than the isolated fractals, we
will assume that the individual nanoparticles making up the clusters interact. Assuming
that the average diameter of the local structure in the fractal is 19.5nm (the core is 7.5nm,
the shell is 6nm), and as seen in Chapter 2, the interaction energy for particles nearly
touching with X=Xmin is about 15kT. Thus the effective increase in diameter is about
2.7K'- (ln(15) or the distance to lkT), making the effective volume of a cluster larger.
When the results shown in Figure 3-8 are re-scaled to account for the larger effective
volume of the clusters with the added double layer distance, the curves nearly
superimpose, as shown in Figure 3-9. This suggests that due to the short range of the
charge interactions in the presence of ions, the capture of the nanoclusters is not affected,
only the rate at which the column fills. Even when no salt is added, the double layer
thickness is much smaller than the particle radius and only when the clusters are in the
solid buildup are charge interactions important.
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Figure 3-9. Breakthrough results from Figure 3-8 re-scaled to account for the added
volume of the double layer. Since the fractals are packed tightly enough that they overlap,
the diameter used is for a single particle (18 nm) and the double layer is multiplied by 2.7
(or ln( 15)) to account for the estimated maximum repulsive force of about 15kT.
3.4.6 Effect of Magnetic Field
For all experiments thus far, the magnetic field was the largest attainable in the
HGMS device, or about 1.3 T. When the magnetic field is this high, both the wires and
the nanoclusters are at maximum magnetization. While these results indicate the
maximum possible capture, significant energy is required to obtain such high magnetic
fields. Thus the effect of reducing the magnetic field was evaluated as shown in Figure
3-10. As expected, the capture is reduced as the magnetic field is reduced to 0.4T, with
much more rapid loss of capture when the magnetic field is reduced further until very
little capture occurs at 0.1T.
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Figure 3-10. Effect of magnetic field on breakthrough of 80nm clusters in 3.5cm
column, .0cm/s. As the magnetic field is reduced, capture is reduced, particularly below
0.4T
The magnetization curves for both magnetic nanoparticles and stainless steel wire
are shown in Figure 3-11. When the magnetic field is increased above about 0.8T, little
extra magnetization is obtained. For complete capture, fields above about 0.8T are not
needed, but fields below about 0.4T greatly reduce capture.
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Figure 3-11. Magnetization for stainless steel wire2and for the nanoclusters. Below
about 0.2T, the magnetization of both drops rapidly.
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3.4.7 Effect of Concentration
The capture of nanoparticles is affected by diffusion of the captured particles
away from the wires due to a concentration gradient. The concentration near the wire is
essentially constant at all conditions (ns) and thus a decrease in the bulk concentration
will increase the diffusive force away from the wire. When the concentration of the fed
nanoparticles is reduced, the fractional capture is reduced, as shown in Figure 3-12. The
nanoparticles lost here are all much smaller (-30nm) than the average of the fed
nanoparticles (80nm) and the higher loss is due to more complete loss of the small
nanoparticles in the feed. This is further indication that small nanoparticles must be
removed prior to use in a real process, since their capture becomes increasingly more
difficult when they are used at low concentrations, as may be necessary for some
applications.
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Figure 3-12. Effect of concentration of feed on breakthrough of 80nm clusters in 3.5cm
column at 2 cm/s. All are scaled so that the x-axis represents the same amount of
material introduced to the column. When the clusters are diluted, the fractional capture is
reduced, as would be expected due to a larger nn, resulting in more complete loss of
small aggregates.
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3.4.8 Effect of Packing Density
When the wires in an HGMS column are packed more closely together, the
nanoparticles flowing through the column are more likely to come close enough to enter a
capture zone. However, since each nanoparticle passes many wires along the column, the
effect on the final capture is relatively modest, as seen in Figure 3-13. When the packing
density is increased from 16% to 24%, the capture is only marginally increased, while
pressure drop and plugging become a problem. When the packing density is decreased
slightly to 14% capture is hurt, although this may also be due to channeling since the
column is randomly packed and without pressing the wires together, there may be areas
of low density. Overall the packing density has little effect on capture, but has significant
effect on pressure drop.
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Figure 3-13. Effect of wire density on capture of 80nm clusters in 3.5cm columns at
lcm/s. Increasing the wire density from the standard 16% improved capture marginally
while resulting in much higher pressure drop. Reduction of packing density reduced
capture slightly.
3.4.9 Removal of small nanoclusters to improve recovery
Based on dynamic light scattering analyses of lost particles, which indicate that
nearly all lost particles are much smaller than the average cluster size, experiments were
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performed to see how removal of the smaller particles improved capture. Cleaning was
performed by running a normal magnetic filtration run, then discarding the lost particles
and resuspending the captured particles. The resuspended particles were then run
through the HGMS filter again, and the process was repeated, with the breakthrough
measured at each step. The goal of this experiment was to remove only the small
clusters, and not the larger aggregates. Since the lost particles become smaller as the
column height increases, the velocity decreases and the capture becomes more diffusion
limited, the cleaning step was performed at a slow speed (0.6cm/s) with the taller
(10.5cm) column. However, with this column at this speed the losses were extremely
small (< 1%) and any improvement in capture would be difficult to measure. Since both
K,, and K,d are affected equally by the magnetization of the wires and the particles, the
magnetic field was reduced to 0.2 T. The results are shown in Figure 3-14. As expected,
the capture was improved with each successive cleaning cycle. The size of the lost
particles was essentially constant, further indicating that the losses are due to
polydispersity, and that capture efficiency depends more on the fraction of small particles
than on the average size of the particles. This experiment is very similar to one performed
by Moeser et al. for individual nanoparticles,' except that more material was passed
through the column (15 column volumes vs. 1) the losses were less, (0.2-1.5% vs. 2-10%)
the column was shorter (10.5 vs. 22.5 cm) the magnetic field was lower (0.2T vs. 1.3T)
and the velocity was higher (0.6 vs. 0.1 cm/s). In contrast to the results of Moeser, there
was no plateau in the fraction of lost particles. It appears that when the small particles are
removed, capture is complete for large aggregates but not for individual nanoparticles,
most likely due to stronger diffusion limitations in the latter case. A simple analysis to
estimate the maximum possible capture in diffusion limited capture will be developed in
a later section.
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Figure 3-14 a) breakthrough of repeated runs of 1 lOnm clusters at 0.6cm/s in 10.5cm
column at 0.2T. The lost particles were discarded after each run, while the captured
particles were reapplied to the column. The capture improved after each filtration.
b) Average lost particle size and fractional loss for experiments in part a. The lost
particle size does not change appreciably during the experiment, while the fraction lost
goes down, indicating that the smallest particles are removed partially during each wash
and the remaining larger clusters are captured well.
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3.5 Simulation Results
Capture of the nanoparticles was simulated by calculating the volume of the
capture zones using equations 3-2, 3-4 and 3-15 and numerically solving equations 3-17
and 3-19 once appropriate parameters had been estimated. The results of the
breakthrough analysis show that the nanoclusters have a significant portion of individual
nanoparticles. Since the scattering intensity of the particles in DLS is heavily weighted
towards larger clusters, a small fraction of smaller particles will not be seen, and the
exact amount of single nanoparticles could not be obtained directly from DLS. Since it
has been established that the fraction of small nanoparticles is the main source of
nanoparticle loss in HGMS, this fraction had to be estimated.
It was found in Chapter 2 that well coated nanoparticles with coatings such as
these are about 28nm in diameter with a polydispersity of about 0.15. Light scattering of
the feed indicated that the clusters were primarily clusters of 80, 110 and 140 nm, each
with polydispersity of about 0.15. Thus it was assumed that the nanoclusters consisted of
a bimodal distribution with a small fraction of 28nm nanoclusters and the rest larger
nanoclusters observed in the DLS runs. To estimate the fraction of the feed that was the
smaller nanoclusters, the fractional loss from the column that results in an average lost
size of 28nm was found. When 80nm nanoclusters were captured by HGMS, the average
size of the lost particles was 28nm when about 7% of the feed was lost. When the 110
and 140nm clusters were fed, 28nm particles were lost when 2.4 and 0.6% of the feed
were lost, respectively. The number of stages was estimated, knowing that the wires
were about 50~pm in diameter, and the packing density was 16%, giving an average
distance between wires was 125pm. Since only about half of the wires were properly
oriented, the average distance between properly oriented wires is 250ptm. Thus assuming
that each properly oriented wire forms a stage, the 3.5cm column had 140 stages, and the
10.5 cm column had 420 stages. Using the estimated number of stages and polydispersity
the initial loss from the column was calculated numerically, as shown in Figures 3-15
through 3-17. The predictions give quantitative estimates of the fractional capture of the
nanoclusters without any fitted parameters.
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Figure 3-15. Simulation results and actual results for the effect of flow rate on the loss
of particles from a feed of clusters averaging 80nm in diameter. All parameters were
estimated before simulation, and no fitting of the data was required. The clusters were
assumed to be 7% single particles (28 nm a= 0.15) and 93% 80nm clusters = 0.15.
The 3.5 cm column was 140 stages; the 10.5 cm column was 420 stages.
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Figure 3-16. Simulation results and actual results for the effect of flow rate on the loss
of particles from a feed of clusters averaging 110 nm in diameter. All parameters were
estimated before simulation, and no fitting of the data was required. The clusters were
assumed to be 2.4% single particles (28 nm a= 0.15) and 97.6% 110lOnm clusters or=
0.15. The 3.5 cm column was 140 stages; the 10.5 cm column was 420 stages.
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Figure 3-17. Simulation results and actual results for the effect of flow rate on the loss
of particles from a feed of clusters averaging 140 nm in diameter. All parameters were
estimated before simulation, and no fitting of the data was required. The clusters were
assumed to be 0.6% single particles (28 nm r= 0.15) and 99.4% 140nm clusters v=
0.15. The 3.5 cm column was 140 stages; the 10.5 cm column was 420 stages.
The most uncertain parameter in the calculations shown above is the size
distribution of the clusters. The results of Moeser et al. for single nanoparticles can be
simulated with more certainty, since the particles consisted of individual nanoparticles
with a core size distribution that is well known both from TEM and SQUID analysis.' 8
The batch capture and cleaning runs, where captured particles were resuspended and
recaptured while lost particles were discarded, can be replicated with no fitted
parameters, as shown in Figures 3-18 and 3-19. Both the initial capture and
polydispersity of the lost particles and the maximum capture for single nanoparticles are
predicted well. The initial loss of 10% is due mainly to small nanoparticles in the initial
feed, while the plateau in minimum loss of 2% after filtering is due to the high value of
ns/no when 98% of the particles have been captured, which results in very small capture
zones.
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Figure 3-18. Simulation of cleaning runs performed by Moeser et al.l Since the particles
consisted of only single nanoparticles with well defined polydispersity, no fitted
parameters were used. The 22.5 cm column was assumed to be 900 stages. The
simulation predicts that the capture stops improving after the smallest nanoparticles are
removed.
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Figure 3-19. Simulation of size distribution of the lost particles in the first filtration run
in Figure 3-18. The results agree well with experimental results that nearly all the lost
particles are smaller than 6nm.
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With the model developed here, the qualitative understanding of the capture of
nanoparticles can be extended to quantitative prediction of capture efficiency. The
simulations also allow a detailed physical interpretation of the important processes in
HGMS that were seen in the experimental results.
3.6 Correlations and Approximate Behavior
While the simulations in the previous section provide new insights and
quantitative estimates of HGMS capture efficiency, they are computationally expensive
and do not provide simple physical insight to the important parameters that affect HGMS
particle capture. In this section, two new metrics for analysis that are computationally as
simple as the methods of Moeser' and Fletcher,14 but provide new insights into HGMS
not captured in the previous analysis will be outlined.
3.6.1 Upper limit of capture in diffusion limit
Moeser was able to replicate the capture of single nanoparticles by analyzing a
single wire and finding what conditions were required for complete capture around that
wire by calculating where the capture volume fills the entire void volume.' However,
when using larger nanoclusters that are strongly limited by drag force and only slightly
by diffusion, we found experimentally that complete capture could be obtained in tall
columns even at high velocity where the capture per stage is small, while small clusters
cannot be caught, even in a very tall column. The model developed in this chapter shows
that this disparity between velocity and diffusion limited capture is due to the reduction in
capture efficiency in the diffusion limit as the concentration (no) is reduced. A simulation
where the same initial capture (1.5%) in both a diffusion limited case (18nm, no flow)
and a velocity limited case (140nm, 4.85 cm/s) is shown in Figure 3-20. As the number of
stages is increased, the capture in the velocity limit goes to near completion, while the
capture in the diffusion limit is starting to reach a maximum value.
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Figure 3-20. Simulation of capture in diffusion limited and velocity limited cases with
an identical capture on the first stage of 1.5%. When the concentration decreases, the
smaller nanoparticles are captured less efficiently due to an increase in ns/n,, while the
capture per stage in the velocity limited case remains constant. In a column taller than
about 10cm, all velocity limited clusters will be captured while a significant portion of
small particles will be lost even in a tall column.
The reason for the behavior seen in Figure 3-20 is evident when the capture areas
are calculated at both the feed concentration and after 98% capture, as shown in Figure 3-
21. In the diffusion limited case, after 98% capture the capture volume has almost
disappeared. However, the velocity limited case is unaffected by the reduced outer
particle concentration. The methods of Moeser work quite well in the diffusion limit, due
to two approximations that counteract each other. The assumption that the entire column
area must be filled with the capture zone over estimates the required capture zone size,
but the assumption that the concentration away from the wire is equal to the feed
concentration over estimates the capture volume. However, when larger clusters are used
and the velocity is increased, complete capture is seen in cases where the capture volume
for an individual stage is much smaller than the void volume of the column.
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Figure 3-21. Calculated capture zones for the 1st stage (part a) and after 98% capture
(part b) for the cases in Figure 3-20. The capture zones are initially the same size, but as
the outer concentration is reduced by capture of the nanoparticles, the diffusion limited
capture zone has nearly disappeared.
To better estimate the capture of nanoparticles without resorting to the full
simulation, the following method is proposed. Rather than assuming a single wire as in
prior methods, it is assumed that the column consists of an infinite number of stages. As
shown in Figure 3-21, for even a modest capture (1.5%) and a modest number of stages
(500) complete capture occurs in the velocity limited case. Complete capture, at least in
the first few column volumes, was also seen in the experimental results for the taller
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(10.5 cm) column. However, in the diffusion limit, as can be seen in Figure 3-21b, at a
certain ns/no, the capture area disappears and additional stages result in no more capture.
This result was also seen both in the results from the 10.5 cm column, where -20nm
particles were lost and in the results of Moeser, where single nanoparticles could only be
captured to a maximum of about 98%. Thus, an important parameter to the capture is the
value of ns/no is where the capture areas disappear, or (ns/no)max.
No capture occurs when bLa is less than 1 at all values of 0. This condition is just
met when the maximum value of bL, is equal to 1. Thus, to find (ns/no)max, the conditions
where the maximum value of bLa is 1 must be found. The maximum value of bLa occurs at
the point where the diffusion limit and the velocity limit intersect, thus first the angle
where the velocity limit of bLa is 1 is calculated. Setting bLa=l into equation 3-4 we
obtain
sin = -1 (3-20)
Km (2 - In Re)
Thus, the value of 0where the velocity limit is equal to 1 can be solved explicitly for 0.
Substituting this value of 0 and keeping bLa = 1 into equation 3-2 results in
Cos 2 sin-' ( -1
cosI 2 sin - K, (2 - In Re)
d K (2ln Re) (3-21)
2
or
cos2 sin' Km ((3-2 - InRe2)(%n exp Knd (3-22)
The maximum value of nno can, therefore, be calculated explicitly. The results of the
buildup calculations for several velocities are shown in Figure 3-22. When the velocity
is very high, the angle at which bL, is maximum is higher and (ns/no)max is reduced.
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Figure 3-22. Capture volumes when the upper limit of ns/no has been reached and the
entire capture volume is within the wire. Since the maximum radius is within the wire,
no capture will occur. (ns/no)ma,, is reduced as the velocity increases (grey lines) since the
maximum of bLa is at a higher angle and the diffusion limit must be higher for any
capture to occur
The results of this calculation are shown in Figure 3-23. Note that the polymer
layer thickness is 6nm, so an individual nanoparticle is about 19nm in diameter. The
initial value of ns/n is usually on the order of 100, so when (nlno)mx is less than 100, no
capture occurs. Thus small nanoparticles less than about 17nm (core diameter of 5nm)
are not captured at all, which agrees well with experiment. When (ns/no)m,, is less than
about 10,000, then the maximum capture is less than 99%, even with an infinitely long
column. Thus individual nanoparticles are on the edge of capture, and are not captured
completely. The effect of velocity is relatively small at moderate speeds below 2cm/s.
Reducing the magnetic field reduces (nsn)m,, strongly, and the minimum captured size
increases dramatically as the magnetic field is reduced. This result verifies the results
from the cleaning run, where larger clusters (30nm) can be removed in the diffusion limit
with a reduced magnetic field, allowing more complete cleaning than by increasing
velocity or reducing column height.
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Figure 3-23. Calculated (n/no)max, for a range of flow velocities. Since the feed nn is
typically on the order of 100, anything below will result in no capture and anything above
100,000 will result in nearly complete (99.9%) capture. (/no)max is a very strong
function of particle size and a relatively weak function of velocity below 2cm/s.
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Figure 3-24. Calculated (nl/n)max, for a range of magnetic field strengths with no flow.
(nl/no)max is a strong function of magnetic field, and reduced magnetic field can increase
the minimum particle size that can be captured significantly.
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The importance of the (ns/no)max findings are that the results of single nanoparticle
HGMS can be replicated in the diffusion limit without overestimating the required
capture area for velocity limited capture. Additionally the calculation of (ns/no)ma is
actually simpler than calculating the capture areas, which require numerical integration of
implicit functions, while (nls/no)ma is calculated explicitly. Thus a more physically
realistic picture is obtained with less computational effort than with previous methods.
3.6.2 Capacity of capture above diffusion limit
While (nls/no)ma, provides insight into whether nanoparticles can be captured when
the wires of the column are completely bare, for practical separations a significant portion
of the column must be within capture zones for reasonable capacity. If we assume again
that the column is infinitely tall, as long as the buildup is less than the maximum buildup,
particles will be completely captured. The maximum buildup, or Bm,,, occurs when the
fractional capture, C, becomes zero. Equation 3-15 becomes
Bmax A(1 - (3-23)2n
Since A is solved by integrating bLa, and bLa depends on velocity, equation 3-23 must be
solved simultaneously with equation 3-16
V = VO (3-16)
s Oi-Bmax
This new limit provides insight into how much of a given size can be captured
which is complementary to the results of (ns/no)m,,,, which indicate how completely the
clusters can be captured when the wires are bare. The results, shown in Figure 3-24,
indicate a strong effect of size on capacity up to about 50nm, but relatively little above.
While (nl/no)m,, indicates that anything above about 20nm can be captured, the results of
Bmax indicate why there was poor capture up to 50nm as shown in Figure 3-4. It is not
that 30-50nm clusters cannot be captured, it is just that the capacity of the column for
these clusters is extremely small, and thus breakthrough occurs rapidly. In Figure 3-25b,
the results of the calculations for a much lower concentration, 0.0005% are shown, and as
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expected the smaller clusters are affected greatly by the reduced concentration while the
large clusters are not. This limit is important, both in the bottom of the column where
nearly complete capture occurs, and when a process step requires washing the particles
while they are trapped in the column. If the capacity drops dramatically, then some
captured clusters will be lost, while larger clusters will not be affected by washing.
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Figure 3-25. Calculated B,, vs. flow velocity for a range of sizes at a typical feed
concentration and at nearly complete capture. The column capacity is strongly affected
by size up until about 50nm, and is relatively constant above this size. The effect of
dilution is stronger on smaller clusters, due to diffusion limitations.
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The results of the batch capture of bridged aggregates can also be explained easily
with Bmax. While increasing the size of the clusters increases the aggregation number,
which increases (ns/no)max, the capacity of the column is reduced and overall capture, as
measured in Figure 3-4, becomes worse as the clusters become larger. Using the bridging
theory developed in Chapter 2 to estimate the polymer molecular weight required for a
given size, the values of Bmax were calculated, as shown in Figure 3-26. As the cluster
size increases above 230nm, Bmax is reduced at all velocities, and at all reasonable
velocities, is highest for small clusters. Also note that the velocity at which the capacity
is essentially zero is much lower than for clustered aggregates, due to the much higher
shell diameter and drag force relative to the magnetite content and magnetic force. These
results indicate why bridging is not a good method to cluster nanoparticles for use in
separations.
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Figure 3-26. Calculated Bmax for bridged clusters at nearly complete capture
(0.0005wt%). The capacity of the column for bridged clusters is much lower and drops
at much lower velocities. In addition at reasonable flow rates the capacity is lower for
larger clusters, explaining the behavior in Figure 3-4.
While Bma, is slightly more difficult to calculate than (nls/no)max, since it requires
simultaneous numerical integration of an implicit bLa expression and solution of the
velocity dependence on B, it provides good understanding of the capacity of the column
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given for given nanoclusters with much less effort than the full scale simulations, which
require these same calculations to be performed many times. With (ns/no)ma,x and Bma,,,
most of the behavior of the column can be explained and much physical insight into
HGMS capture of magnetic nanoparticle clusters can be obtained by simply calculating
the buildup volumes for a single stage, while being only marginally more difficult.
3.6.3 Optimization
One interesting result that arises from the calculations of (nl/n)max is that once the
smallest particles are removed, all the particles can be captured. When Bm,, is calculated,
it can be seen that the gain of higher processing rate obtained with higher velocity results
in a loss of capacity. The velocity in the column is a prime variable to be optimized due
to this trade off. Here a simple optimization is outlined to give a broad idea of what
operating conditions should be used with an HGMS column.
While the exact importance of capacity and velocity will depend on the
application, as a rough estimate of their importance, it is assumed that the product of
velocity and capacity is to be maximized. With the results of the Bma calculations, this
can be done very easily, and the results are shown in Figure 3-27. The maximum value
of VOBmax occurs at approximately lcm/s, and is higher for larger clusters. When the
calculation is repeated for 1000 times diluted fluid (or 99.9% capture) the maximum falls
quite a bit for the smaller clusters and nearly none for the larger clusters. Thus if a
washing step is needed in a process, the capacity will be much higher when larger
clusters are used.
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Figure 3-27. Capacity (B,,a) times flow velocity (Vo) for clusters. The optimum balance
of speed and capacity occurs at about 1 cm/s. The solid lines are for the feed
concentration, the dotted lines are for 1000 times dilution. Dilution has a stronger effect
on the smaller clusters.
To verify that these results are consistent with experimental observation, the
number of column volumes fed to the 10.5 cm column before 1% loss of the 80nm
clusters was calculated at a range of velocities. This operating condition was chosen,
since one of the assumptions of the Bm,, calculation is an infinitely tall column, which is
more closely found in the taller column, and due to pressure drop the larger clusters never
achieved 1% loss over a wide range of velocities for a good comparison. The general
shape of the curves is similar, with the maximum at cm/s. The deviation at low velocity
is most likely due to the breakdown of the assumption that the wires are independent
when the buildup fills the majority of the column. The deviation at high velocity may be
due to the breakdown of the low Reynolds number approximation, which is order 1 at the
higher velocities. This curve also allows the experimental nno be found, since the
buildup per column volume is nns. Thus the number of column volumes to
breakthrough is approximately Bma x ns/no. This suggests that ns/no in the feed is about
200, which suggests that the buildup is very dense, since the calculated n/no for a fractal
aggregate is about 30, and the fractal of pure magnetite spheres at 0.5 wt% is about 600.
This suggests that the average particle diameter (core and shell) in the packing is about
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Figure 3-28. Comparison of VoBma for 80nm clusters and experimental results for the
velocity times the number of column volumes to 1% loss with a 10.5 cm column. The
maximum in both occurs near lcm/s and the basic shapes are the same, indicating that
Bmax captures the behavior of the system well.
3.7 Conclusions
This chapter examined in detail the HGMS recovery of magnetic nanoclusters
from solution. As expected, the larger clusters obtained using the methods outlined in
Chapter 2 were captured much better than individual nanoparticles, allowing nearly
complete recovery of the nanoclusters. Not only do the clusters allow better recovery,
but also the ability to tune the cluster size makes evaluation of the effect of size on
capture accessible experimentally.
Since HGMS is the bottleneck in a magnetic nanoparticle based separation
process, HGMS was performed at a wide range of conditions to fully understand this
important step. Breakthrough from the column was analyzed and the effects of cluster
size, flow velocity, column height, ionic strength, magnetic field strength, particle
concentration and packing density were studied. While most variables had the expected
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effects, the result of ionic strength is at odds with existing theory, and it was found that at
all relevant ionic strengths the charge interactions of the particles are negligible until they
are deposited in the solid buildup. Then the charge interactions make the column fill up
faster due to a larger effective diameter (particle diameter plus double layer), and
capacity is lost, but the capture at a given fractional fill is essentially constant. The lost
particles were also analyzed by dynamic light scattering and their size is nearly
independent of the fed particle size, and is much smaller than the average size of the fed
particles, particularly when a longer column and slower flow velocity is used. This result
indicates that the losses are due mainly to the fraction of small particles in the feed and if
these small particles can be removed, capture can be greatly improved. Cleaning was
performed with a tall column at low velocity and low magnetic field and the loss on each
successive removal of the finest particles increased capture dramatically.
To explain the behavior that has been seen experimentally, the methodology of
Fletcher 14 with the improvements of Moeserl was extended. A simple force balance on
the nanoparticle around a single wire was used to calculate the limit of static buildup, and
is equated to the capture of a stage. In this chapter, this methodology was extended to
column operation of many of these stages. Additionally, the structures of the aggregates
explored here are different than those proposed by Moeser, and thus relations to calculate
equivalent single particles from the fractal structure of both bridged and clustered
particles were developed. Further advances on the effect of polydispersity and buildup
on capture allow this model to predict quantitatively the behavior of both the particles
examined here and the prior literature results, that before could only be analyzed
qualitatively.
While the new simulations allow more quantitative prediction of the behavior of
the HGMS column, the calculations are more difficult and laborious than prior methods.
Thus, limiting behavior was analyzed, and the results of the simulation indicate that the
column, particularly when larger than a few cm in height, more closely resembles a
column of an infinite number of stages than a single wire. In particular it was found that
if any small capture volume exists, resulting in even minute capture at a given stage, the
column will be able to completely capture the particles. Lack of capture, due to
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disappearance of the capture volumes, can occur either due to increased concentration
gradients as the capture progresses, or due to the capture volumes becoming full. To
account for these two effects, the upper limit of the concentration difference between the
bulk liquid in the column and the buildup, (n/no)m,,, and the upper limit of buildup, Bmna,
were developed. The results of Moeser, indicating that single nanoparticles can only be
captured to a certain maximum capture, is verified by (nlno)m,, with the added benefit
that (nl/no)m,, can be calculated from a simple explicit equation. Once clusters get larger,
they can be captured completely, and the important factor is how much can be captured,
which can be calculated quite easily with Bma,,. This new limit was then used to perform
a simple optimization, and was found to agree well with experimental results. These new
parameters extend prior methods that allow only qualitative analysis of capture to allow
quantitative analysis of the maximum capture and capacity of the column, with only
slightly higher complexity. This allows most of the behavior of the column to be
understood easily without having to solve the coupled differential equations in the full
model.
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Chapter 4
Protein Purification
4.1 Introduction
In the previous chapters, methods have been developed to synthesize stable
magnetic nanoclusters (Chapter 2) that are readily captured with HGMS (Chapter 3). In
this chapter, the use of these nanoclusters for recovery and purification of recombinant
proteins from fermentation broth is examined. As was outlined in Chapter 1, protein
purification by traditional column chromatography is expensive, slow, and requires
significant pre-treatment of the fermentation broth. In principle, magnetic nanoparticle
based bioseparations have significant advantages over traditional methods; the tailored
magnetic nanoclusters examined here allow essentially single phase operation which
results in much faster mass transfer and the open structure of the HGMS column allows
the passage of significant amounts of colloidal particulates.
This chapter is divided into two sections. First, adsorption of proteins onto the
nanoclusters in model systems is examined. The model systems allow the separation
method to be tested under well controlled conditions to isolate the effects of protein
properties such as charge and hydrophobicity, as well as solution properties such as
protein concentration and salt concentration, on protein binding. Both ion-exchange and
hydrophobic binding was observed, allowing greater specificity than with only a single
binding mode. The second section of the chapter outlines the separation of the
recombinant protein drosomycin from Pichia pastoris fermentation broth. Unlike the
model system, there are many unknown components in solution, which provides a greater
challenge for the nanoclusters than does a model system. The lessons learned from the
model system, particularly with respect to hydrophobic and ionic interactions, allow
significant purification in a single step. However, when whole cell broth is used, cell
binding is a problem under conditions where drosomycin is bound, limiting the
effectiveness of the separation. Nanocluster binding to the cells appears to be due to cell
surface proteins that have an isolectric point (pI) similar to that of drosomycin. When
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proteins are targeted that can be bound at conditions where cell surface proteins do not
bind, one-step purification of protein from fermentation broth is possible. The
implications of these findings to further applications and optimization of the nanoclusters
are outlined.
4.2 Experimental methods
4.2.1 Materials
Ferric chloride hexahydrate (97%), ferrous chloride tetrahydrate (99%),
vinylsulfonic acid sodium salt (technical, 25% in water), 4-styrenesulfonic acid sodium
salt hydrate (technical), acrylic acid (99%), potassium persulfate (99% ACS reagent), 3-
acrylamidopropyl trimethyl ammonium chloride (75%wt. in water), calcium sulfate
(99%), potassium sulfate (99%), cupric sulfate heptahydrate (99%), manganese sulfate
hydrate (99%), sodium molybdate dihydrate (99%), sodium iodide (99%), biotin,
Pluronic F68, TES (N-tris[hydroxymethyl]-methyl-2-aminoethanesulfonic acid), MES (2-
[N-morpholino]-ethane sulfonic acid), cytochrome c (from horse heart, 97%), albumin
(Fraction V from bovine pancreas, 98%), lysozyme (chicken egg white) and Micrococcus
lysodeikticus (lyophilized cells) were obtained from Sigma-Aldrich and used as received.
Magnesium sulfate (99%), potassium hydroxide (98%) ammonium hydroxide (29.7% in
water), sodium chloride, glycerol, methanol, boric acid, cobalt chloride, zinc chloride,
sulfuric acid (96%), magnesium chloride, ammonium sulfate, acetic acid, sodium
carbonate, hydrochloric acid (37%) and sodium metabisulfate were obtained from
Mallincrodt, and used as received. Phosphoric acid (85%) was obtained from Fluka.
Ferrous sulfate heptahydrate(99%) and sodium dodecyl sulfate(99%) were obtained from
Gibco. Tween-20 (practical) was obtained from J.T. Baker. BupH TM phosphate buffered
saline, immunopure TM horseradish peroxidase goat anti-rabbit immunoglobin, 1-StepTM
ABTS (2,2'-Azine-di[3-ethylbenzthiazoline sulfonate]) ELISA substrate, Reacti bindTM
maleic anhydride ELISA plates, BCATM protein assay,BCA compat-ableTM protein assay
kit, SuperblockTM blocking buffer were obtained from Pierce and were used as received.
Nu-page TM 12% Bis-Tris precast gels, Nu-page TM MES SDS running buffer (20x), Nu-
page TM LDS sample buffer (20x), Simply Blue TM coomassie stain, and X-cellTM sure
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lock gel electrophoresis cell were obtained from Invitrogen. The amino-terminated PEO
polymers used in this chapter were obtained from Huntsman corporation, and consisted
of a random copolymer of ethylene oxide (EO) and propylene oxide (PO) repeat units.
M-2070 contained 3.1 EO units per PO unit.
4.2.2 Particle Synthesis
Nanoclusters were synthesized as outlined in Chapter 2. The first polymer used
was either 25% acrylic acid, 25% styrene sulfonic acid and 50% vinyl sulfonic acid with
Xw=85 or 25% acrylic acid, and 75% styrene sulfonic acid, with Xw=277. The secondary
coating polymer used was either poly(acrylic acid) with a molecular weight of 5000, or a
brush co-polymer with 2000 molecular weight PEO side chains grafted on a 5000
molecular weight PAA backbone, with a grafting density of 8%.
To remove excess salts, unattached polymer, and the smallest nanoclusters prior
to use in protein purification, 3-4 column volumes of 2.5 wt% nanoclusters were passed
through a 20cm tall HGMS column at 0.9cm/s, followed by 2 column volumes of water.
The magnet was then turned off and the nanoclusters were resuspended in Milli-Q water.
This process was repeated a total of 3 times. Typical yields were greater than 95% of the
original nanoclusters.
4.2.3 Protein Binding experiments
Cytochrome-c (pI = 10.3) at a concentration of 0.2-1.4 mg/ml was mixed with
cleaned magnetic fluid to a final concentration of 1.0 mg/mL in 5mM TES buffer at a pH
of 7. Samples were equilibrated for 10 minutes to 24 hours and passed through the
HGMS column, where unbound protein was collected. The total equilibration time had
no effect on the amount of protein bound. The magnetic fluid was then resuspended with
0.5M NaCl and passed through the column again, and the eluted protein was collected.
The magnetic fluid was resuspended in pure water. The magnetic nanoclusters had a
primary coating consisting of 25% acylic acid, 25% styrene sulfonic acid and 50% vinyl
sulfonic acid (0.8g/gmagnetite) with X of 85 and a secondary coating polymer of 5kDa
poly(acrylic acid) (0.5g/gmagnetite). These nanoclusters were 70-80nm in diameter.
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Hydrophobic binding experiments were only performed with excess protein
present to find the maximum binding capacity. Lysozyme or bovine serum albumin at a
concentration of 1.0 mg/mL was mixed with .Omg/mL magnetic fluid and ionic strength
was adjusted with ammonium sulfate. pH was adjusted to either 7 with 5mM TES, or to
a pH of 3 with 5mM phosphate buffer. The magnetic nanoclusters used had a primary
coating consisting of 25% acylic acid, 75% styrene sulfonic acid (0.4g/gmagnetite
initially + .lg/gmagnetite 8minutes into synthesis) with Xw of 277 and a secondary
coating polymer of 5kDa poly(acrylic acid) with 8% grafted PEO (0.6g/gmagnetite 15
minutes into synthesis). These nanoclusters were 90-110 nm in diameter. Cytochrome-c
maximum binding was also tested with these nanoclusters and agreed well with the
results using the nanoclusters described in the previous paragraph.
Cytochrome-c concentrations were monitored by absorbance at 412 nm, while
bovine serum albumin and lysozyme concentrations were measured with a BCA protein
assay (Pierce) using the manufacturer's procedures. Lysozyme activity in the
fermentation broth was measured by monitoring the rate of loss in absorbance at 450nm
of a solution of Micrococcus lysodeikticus using standard protocol (Sigma-Aldrich).
4.2.4 Pichia pastoris Fermentation
Pichia pastoris cells, provided by DuPont, were incubated for 16 hours in a shake
flask with BMGY medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base, 4 x
10-5% biotin, 1% glycerol,100 mM potassium phosphate, pH 5.0) at 300C. The contents
of the shake flask were transferred to a 5L Bioflow II (New Brunswick Scientific)
fermentor containing 3L of basal salt medium which contained 26.7mL phosphoric acid,
0.93g calcium sulfate, 18.2g potassium sulfate, 14.9g magnesium sulfate heptahydrate,
4.13g potassium hydroxide, and 40g glycerol per liter. Glycerol (50% w/v) and methanol
feed contained 12mL of trace salts per liter. Trace salts contained 6.0g cupric sulfate
pentahydrate, 0.08g sodium iodide, 3.0g manganese sulfate hydrate, 0.2g sodium
molybdate dihydrate, 0.02g boric acid, 0.5g cobalt chloride, 20.0g zinc chloride, 65g
ferrous sulfate heptahydrate, 0.2g biotin and 5mL of sulfuric acid per liter of total trace
salt solution. The fermentation was performed at 30 C using a lvvm air flow rate
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supplemented with pure oxygen to maintain a dissolved oxygen content greater than
20%. The pH was maintained at 5 with ammonium hydroxide(30%w/v). Agitation was
performed at the maximum speed where excessive foaming was not observed, typically
500rpm.
The fermentation was run under batch conditions until all glycerol was utilized, as
evidenced by a spike in dissolved oxygen to 100% after 21 hours. Glycerol (50% w/v)
was then fed at 18mL/Lmedia/hr for 4 hours to maximize cell density. Then methanol was
fed manually at a slowly increasing speed over a period of several hours (maintaining
dissolved oxygen greater than 20%) until a rate of 12.8mL/LmedIa/hr was achieved. The
fermentation was continued until wet cell density started to fall at 78 hours. The
fermentation broth was recovered and frozen at -40° C for later protein binding
experiments.
Substrate and ammonia usage were measured by weight of the feed bottles.
Optical density was measured on a Hewlett Packard 8452-A spectrophotometer. Wet cell
density was measured by weighing of the cell pellet obtained by centrifuging 10mL of
fermentation broth at 4000rpm for 15min in an Eppendorf 5810R centrifuge. Total
protein was measured with BCA protein assay and BCA compat-Able protein assay kit
(Pierce) using manufacturers specifications.
4.2.5 Drosomycin Binding Experiments
Fermentation broth was centrifuged in an Eppendorf 5810R centrifuge at 4000
rpm for 30 minutes to remove cells. The clarified broth was re-diluted to account for
volume loss due to cell volume. The pH of the broth was then adjusted, typically to a
value of 3, with 10M HCl. 4mL of the fermentation broth were mixed with lmL of
magnetic fluid of varying magnetite content. The mixture was then passed through an
HGMS column, where the unbound fraction was collected. With the magnet still on, the
column was washed with one column volume of 50mM phosphate buffer (pH=3). The
magnet was then turned off and the nanoclusters were eluted with the desired elution
buffer. The nanoclusters were again captured by HGMS, and the eluted protein was
collected. This was repeated with as many elution buffers as desired, typically twice:
156
first to elute drosomycin and then to elute all the other proteins. The magnetic
nanoclusters were subsequently resuspended in 5mM TES. All binding experiments were
performed in quadruplicate.
Drosomycin concentrations were measured using ELISA following the
manufacturer's (Pierce) protocol, with increased dilution due to strong signal strength.
Samples were diluted 2,000 fold in phosphate buffered saline at a pH of 7, and then 100
tL of protein solution was immobilized on the walls of the 96 well ELISA plate. After 2
hours of incubation, the wells were blocked 3 times with 200 jIL SuperblockTM blocking
buffer (Pierce) and washed 3 times with 250 ptL phosphate buffered saline. The primary
antibody (100 ptL) was diluted 1,000 fold, then incubated with the immobilized protein
for 1 hour, followed by 3 more washing cycles. One hundred 1tL of the secondary
antibody (1000x diluted) was then incubated with the immobilized protein and attached
primary antibody for 1 hour, and was washed 3 times. Fifty L of ABTS substrate
(Pierce) was then added to the wells. ATBS turns a bright green color when converted by
horseradish peroxidase on the secondary antibody, and the color is directly related to the
initial drosomycin concentration. The color reaction was stopped after 15 minutes with
1% sodium dodecyl sulfate and drosomycin concentration was measured by absorbance
at 405nm with a Packard Fusion Universal Microplate Analyzer.
Total protein concentration in the fermentation broth was measured using a
bicinchoninic acid (BCA) assay. However, due to interfering species such as
phospholipids, a prior treatment by precipitation and resuspension of the protein with
BCA compatablem(Pierce) was required. All measurements were calibrated with known
concentrations of BSA.
Gel electrophoresis was performed with an X-CellTM gel module (Invitrogen) and
12% Bis-Tris 15 well precast gels (Invitrogen) using the manufacturer's procedure.
Briefly, 1 part sample was added to 1 part sample buffer and 2 parts water and heated to
70°C for 10 minutes. 15ml of sample were loaded into each well and the gel was run.
Staining was performed with a Coomassie blue stain (Simply Blue , invitrogen).
Images were taken with a digital camera (Nikon CoolpixTM 950).
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4.2.6 Cell Binding Experiments
To measure cell binding, 4mL of fermentation broth, with pH adjusted by 10M
HCl or 4M NaOH, was mixed with 1 mL of magnetic fluid of varying concentrations. The
mixture was passed through an HGMS column, and the unbound cells were collected.
Cell binding was quantified by measuring the optical density of the feed and of the
unbound cells with a Hewlett Packard 8453 spectrophotometer at 600nm.
4.3 Model system Results
The first step in evaluating the feasibility of using magnetic nanoclusters for
protein purification was performed with model protein systems. The proteins used were
cytochrome-c, lysozyme and bovine serum albumin. These proteins are all well
characterized, as shown in Table 4-1, and offer a wide range of isolectic points (pI) and
hydrophobicity, allowing both hydrophobic and ion exchange binding to be tested. In
addition, cytochrome-c concentration is easily measured, due to a strong absorbance peak
at 412nm, and lysozyme activity is readily measured using a standard biochemical assay.
With these proteins, binding and subsequent elution were studied at a range of pH values,
protein and salt concentrations. Particle re-use was examined with cytochrome-c, and the
requirement for a secondary coating, as outlined in Chapter 2, was verified. A larger scale
run was performed to verify column capacity and to concentrate protein. Finally a
mixture of cytochrome-c and Echerichia coli cells were passed through HGMS to verify
the passage of cells through the column.
Table 4-1. Properties of drosomycin' 2 and model proteins3 used in this work.
mol wt radius
protein (Da) pi (nm)
drosomycin 4900 7.8
cytochrome-c 12300 10.6 1.2
lysozyme 14400 11 2.1
bovine serum albumin 66500 4.9 3.6
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4.3.1 Protein Adsorption
In order to have a basis for comparison with other magnetic fluid based protein
purification4 studies, binding isotherms of cytochrome-c on the magnetic nanoclusters at
various concentrations of NaCI were performed, indicating strong ion-exchange binding.
The bound protein as a function of unbound concentration is shown in Figure 4-1. The
maximum capacity was 640 mg/g magnetic fluid. With a particle density of 1.4g/ml, this
equals 900 mg/ml of support, which is considerably higher than the maximum binding
capacity, about 150mg/mL, of porous supports. While this is a slightly lower capacity
than smaller phospolipid coated nanoparticles4 (1,200mg/mL), the binding decreases
more slowly as ionic strength is increased (magnetoliposomes binding capacity is
essentially zero at 0.15M NaCl). Since the fermentation broth is heavily buffered and
typically has an ionic strength of around 0.4M, the capacity of these nanoclusters in
fermentation systems is expected to be higher for the nanoclusters described here than for
magnetoliposomes. The capacity decreases linearly with the square root of ionic strength
at low ionic strength, as shown in Figure 4-2, as would be expected for electrostatic
interactions. The elution of the proteins at 0.5 NaCI is nearly quantitative, as shown in
Figure 4-3.
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Figure 4-1 Protein binding isotherms at several NaCI concentrations. The maximum
bound protein is 640mg/g support.
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Figure 4-2. Maximum bound cytochrome-c vs. square root of ionic strength. The linear
behavior at low salt concentrations indicates that binding is electrostatic in nature. All
salts used lie on the same curve.
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Figure 4-3. Cytochrome-c eluted with 0.5M NaCl vs. protein bound. Nearly complete
elution over the full range of loading is obtained.
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4.3.2 Hydrophobic binding
Cytochrome-c, a relatively hydrophilic protein, shows nearly ideal electrostatic
binding behavior, with decreasing binding with increasing salt concentration. However,
due to hydrophobic moieties on the polymer coating of the nanoclusters, hydrophobic
binding with other proteins is expected. Salts such as ammonium sulfate are well known
for increasing hydrophobic interactions by causing water molecules to desorb from the
protein surface to hydrate the ions, exposing hydrophobic amino acid residues. 5
To test the hydrophobic capacity of the nanoclusters for proteins, various
concentrations of ammonium sulfate were added to lysozyme and bovine serum albumin,
and binding was tested. The results in Figure 4-4 and Figure 4-5 show that not only do
the nanoclusters have significant hydrophobic capacity, but also that the capacity is a
strong function of the protein hydrophobicity, with essentially no capacity for
cytochrome-c, higher capacity for lysozyme, and essentially complete coverage for BSA.
Since ion exchange is dominant at low salt concentrations, while hydrophobic binding is
dominant at high salt concentrations, the two methods are complementary and can be
essentially de-coupled, while allowing more specific binding than possible with a single
binding mode. The decoupling of ion-exchange and hydrophobic interactions is verified
by strong binding of BSA at pH=3 when electrostatic interactions are repulsive, as shown
in Figure 4-6. At moderate ionic strengths, both binding modes are important.
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Figure 4-4. Maximum bound cytochrome-c and lysozyme vs. square root of cation
concentration. Cytochrome-c shows little binding at high ionic strength, while lysozyme
shows significant hydrophobic binding at high ionic strength. Triangles are for
(NH4 )2 SO4, diamonds are for NaCl.
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Figure 4-5. Maximum bound protein vs. salt concentration in the hydrophobic binding
regime. Cytochrome-c shows little binding at high ionic strength, while lysozyme and
BSA show significant hydrophobic binding at high ionic strength, as well as significantly
different maximal capacity, indicating that hydrophobic interactions are protein specific.
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Figure 4-6. Effect of charge on hydrophobic binding. BSA binds hydrophobically both
below and above the pI (4.9), with stronger binding when electrostatic interactions are
attractive (above pI)
4.3.3 Fluid Reusability
To be useful in a real system, the fluids must be reusable, requiring both
complete HGMS capture and stability from aggregation. As has been discussed in
Chapter 3, clusters of greater than 50nm are required for HGMS capture. Since the
HGMS column brings the nanoclusters into a tight packing, any attractions between the
clusters will result in very rapid aggregation and permanent trapping in the column.
Since proteins act as multivalent ions, and thus tend to cause colloids to aggregate just as
high salt concentrations do, a high critical coagulation concentration is required for the
nanoclusters to be stable enough for reuse. Figure 4-7 shows the fraction of nanoclusters
that are available for reuse after one protein adsorption and desorption cycle as more
secondary polymer is added. Without any secondary polymer the best resuspension
achieved was 14%, while complete reuse was possible when sufficient 2nd polymer was
added, validating the synthesis method outlined in Chapter 2.
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Figure 4-7. Magnetic nanoclusters available for reuse after one protein binding-elution
cycle vs. amount of secondary polymer added. Two polymer additions are essential to
obtain large enough clusters for HGMS capture and to maintain stability for resuspension
from HGMS.
When nanoclusters with sufficient secondary polymer are used for protein
purification, they can be reused for further protein adsorption runs, as shown in Figure 4-
8. Standard protein binding with 1.0 mg/mL cytochrome-c and 1.0 mg/mL magnetic
nanoclusters was performed, followed by elution using 0.2M NaCl. The nanoclusters
were then resuspended and mixed with protein again and the experiment was repeated.
Due to relatively weak elution conditions, only partial elution occurred on the first cycle.
On subsequent cycles, the nanoclusters could be re-used at slightly lower capacity. The
resuspended nanoclusters were indistinguishable from the starting nanoclusters both in
DLS and with respect to stability in high salt solutions (all were stable in 5M NaCI).
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Figure 4-8 Binding and desorption for repeated runs. Due to incomplete elution (0.2M
NaCi), the binding capacity drops after the first cycle, but the eluted protein is constant
for all cycles
4.3.4 Large scale run and concentration
All binding runs done above used only a single HGMS column volume worth of
material for both binding and elution. To test that the capacity of the column, as outlined
in Chapter 3, a larger scale run of 50 column volumes was performed at a reasonably
high speed of 3,600cm/hr. The components were mixed in a vortex mixer and
immediately (<10 s) fed to the column. Since the amount of protein bound was identical
to the amount bound with long equilibration, this result indicates that equilibration is
nearly instantaneous. To test what level of concentration can be obtained by using smaller
elution volume than the binding volume, elution was performed with a single column
volume at a time. The results of this run are shown in Figure 4-9. The cytochrome-c
concentration in the feed was O.mg/mL and the magnetic fluid concentration was
l mg/mL, with 85% of the cytochrome-c bound, and essentially all magnetic nanoclusters
captured. Elution was then performed with 0.5M NaCl, and significant concentration of
the protein (up to 8.3 fold) was achieved. Nearly all the bound protein was eluted in 10
column volumes, with an overall concentration factor of 4.1. This result verifies that
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rapid processing of a large volume of protein solution as well as significant concentration
can be performed with magnetic nanocluster based purification.
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Figure 4-9. Loss and elution of cytochrome-c in larger scale (50 column volume)
binding run. 85% of the cytochrome-c is captured with limited (10s) equilibration, and
the protein is eluted with significant concentration with 0.5M NaCl.
4.3.5 Model fermentation broth
To test the feasibility of using HGMS for protein separations with whole cell
broth, the first step was testing the holdup of cells in the HGMS column. These runs
were performed with 1.0 wt% Echerichia coli cells mixed with cytochrome-c at a pH of
7. First one column volume (5mL) of cells was passed through the column and flushed
with clean water. As can be seen in Figure 4-10, almost all the cells were washed out in
the first column volume. When the cells were mixed with O.wt% magnetic fluid and
passed through the column with the magnet on, essentially all the nanoclusters were
captured (no visible breakthrough) and the cells passed through only slightly hindered.
This indicates that, at least in the model system, HGMS can accommodate cells.
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Figure 4-10. Passage of E. coli through theHGMS column with and without magnetic
fluid (pH=7). The cells are nearly completely passed in the first column volume,
indicating only minor hindrance in the column and verifying that the open structure of the
column allows cells to pass through.
4.4 Application to Fermentation system
After testing the magnetic nanoclusters in model systems, the next step was to
verify their use in a real fermentive system. A Pichia pastoris (yeast) cell line expressing
drosomycin was chosen for the fermentation. Pichia pastoris can grow to extremely high
cell densities of up to 450g/L on very simple, inexpensive media6 . Unlike E. coli and
other prokaryotic cells, Pichia can extracellularly express and properly fold proteins that
otherwise would form inclusion bodies. Drosomycin is a potent and specific anti fungal
agent, killing filamentous fungi.' It has the potential for use as an industrial antifungal
agent, but would require much more efficient processing than is currently available with
chromatography to be economically viable. It is a relatively small protein, with 44 amino
acids, and has a very stable structure held in place with 4 disulfide bonds.2 Thus
drosomycin allows testing of a real fermentive system with a robust protein that will
retain its properties under a wide variety of conditions. It has a relatively modest
isolectric point of 7.8,2 and is not particularly hydrophobic, making it a difficult target
and a tough test for recovery.
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Fermentation broth is a difficult challenge for colloidal particles, due to the
presence of a wide range of organic and inorganic materials, many of which can
destabilize colloidal systems. A fairly high concentration of divalent metal ions such as
Mg2+, Ca2+ and Fe2+ make electrostatic stabilization difficult. Substrates such as glycerol
and methanol, and metabolic products such as acetate and ethanol can destabilize the
nanoclusters. Additionally, many proteins of unknown pI and hydrophobicity are present
in the fermentation broth, making prediction of binding and separation difficult. In this
section, the fermentation results and new particle synthesis are outlined. The purification
of drosomycin with the new nanoclusters in both clarified and whole cell broth is also
examined.
4.4.1 Fermentation results
The Pichia pastoris fermentation was performed using standard procedures, as
outlined by Invitrogen. 7 Typically, Pichia fermentations are performed in four steps:
1. Inoculum and initial growth in shake flasks. During this phase, a small
inoculum of yeast cells is grown for about 20 hours in a shake flask with
glycerol as a carbon source at 300 C. Due to low cell density, control of
dissolved oxygen and pH is not necessary and the cells can easily be
grown to a high enough density to be transferred to a fermentor.
2. Batch growth on glycerol. During the next 24 hours or so, the cells are
grown in a fermentation vessel with vigorous agitation using glycerol as a
carbon source and ammonium hydroxide for pH control and as a nitrogen
source. During this phase, the cells grow exponentially.
3. Fed batch growth with glycerol. Once the initial glycerol is used up, the
cells are fed glycerol at about 20 mL/Lmedia/hr to continue their growth to
high cell densities. Most of the cell growth is during these first 3 phases,
with little or no protein production.
4. Fed batch protein production with methanol. Typically the protein
coding gene sequence of interest is inserted with the alcohol oxidase
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(AOXI) promoter that controls the expression of alcohol oxidase which
catalyzes the first step in methanol metabolism. Methanol serves both as
the carbon source for the cells and the promoter for protein production.
During this phase, methanol is fed at as high a rate as possible, typically
lOmL/Lmedia/hr. Dissolved oxygen content must be maintained about 20%
and the temperature maintained below 32°C, which limits the upper
feeding rate. This phase can last 40-70 hours, and is stopped when protein
concentration stops increasing, or when the cell density begins to drop due
to cell death.
The fermentation was performed as outlined above. As expected, the cell density
in Figure 4-11 grew nearly exponentially during the glycerol batch and glycerol fed batch
phases, and was relatively slow during the methanol fed batch phase.
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Figure 4-11. Wet cell mass and optical density of fermentation broth throughout
fermentation. The cells grow exponentially during the glycerol phase, while growing
much slower and eventually dying in the methanol fed-batch phase.
The total protein concentration, analyzed using the BCA method was essentially
zero until methanol was fed, after which the protein concentration increased steadily as
shown in Figure 4-12. At 78 hours the cells started to die, as evidenced by a reduction in
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wet cell weights, and the protein concentration no longer increased, as shown in Figure 4-
11 and 4-12. At this point the fermentation broth was harvested for protein binding
experiments.
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Figure 4-12. Total extra-cellular protein expressed and methanol fed during expression
(methanol fed batch) phase. Protein is produced when methanol is fed, with production
stopping as the cells start to die at the end of the fermentation
4.4.2 Drosomycin Purification
Once the fermentation broth was harvested, the nanoclusters were tested for use in
recovering and separating drosomycin. The first step in the purification of drosomycin
was to make nanoclusters that were stable in fermentation broth, which required a more
advanced secondary coating than poly(acrylic acid). Then, the binding and elution of
drosomycin and undesired proteins in clarified broth were tested under a range of
conditions. Using the combined hydrophobic and ionic interactions of proteins and the
nanoclusters, significant purification of drosomycin can be achieved with optimal elution
conditions.
4.4.2.1 Particle Synthesis
In Chapter 2, a multi-step method for producing stable clusters was outlined.
However, the synthesis method only works if the polymers coatings are compatible with
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the conditions under which the separation is performed. Due to the nonzero Hamaker
constant of the coatings, as discussed in Chapter 2, the stabilization is expected to break
down in high ionic strength environments, particularly when divalent salts are present.
As a result it is not surprising that the nanoclusters produced in Chapter 2 are relatively
unstable in fermentation broth. However, the secondary coating method has an
advantage when compared to more traditional synthesis methods: the secondary polymer,
which is mainly responsible for stability, does not need to have the same functionality as
the primary polymer. Additionally the secondary polymer does not have to be attached to
the nanocluster under the same conditions as the primary polymer, allowing more
flexibility in the coating methods.
The requirement for ion-exchange and hydrophobic interactions with proteins
made the polymer introduced in Chapter 2, which is a copolymer of styrene sulfonic acid,
vinyl sulfonic acid and acrylic acid, a good choice for the primary coating. However this
polymer does not stabilize the nanoclusters in fermentation broth, since it stabilizes based
on electrostatic repulsion. Steric stabilization is required, which can be afforded by
poly(ethylene oxide). The graft copolymer, outlined in Chapter 2 and used extensively
by Moeser et al.,8 was a prime choice for the secondary coating. However this graft
polymer forms a dense hydrated layer around the nanoclusters, and may hinder protein
adsorption. As a result, a minimal amount of PEO grafting, found to be 8%, was used.
The final particle design is shown in Figure 4-13. These nanoclusters were tested on the
model systems above, in particular they were used for hydrophobic binding and where
divalent salts were used as elutants. They were found to have essentially the same
binding capacity as nanoclusters without PEO, indicating that the coating is permeable to
proteins.
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Figure 4-13. Schematic of new nanoclusters for use in fermentation broth. The primary
coating is the same as developed in Chapter 2, but the secondary coating is a graft
copolymer of PEO and PAA. The PEO provides steric stabilization in fermentation
broth, while the polyelectrolyte provides affinity for protein adsorption. This figure is
not to scale; the polymer is shown much larger than the cores to emphasize the structure
of the polymer.
The stability of these nanoclusters was tested in fermentation broth using the same
method as was developed with the model system where a cycle of protein adsorption,
desorption and resuspension was performed. The results are summarized in Figure 4-14.
The PEO stabilized nanoclusters performed much better than those stabilized with PAA.
When a lower pH was used for the binding step, increased stabilization was observed.
This is due to the charge of the bare magnetite surface, which is strongly negative at
synthesis conditions (pH>10), becomes positive when the pH is less than about 6.9 The
coating polymers are negatively charged at all pH values, and when the pH is less than 6,
the coating and the surface are oppositely charged, making polymer adsorption more
favorable and resulting in better coating of the surfaces. This highlights another
advantage of the 2-step coating process: the primary coating must be bound at conditions
where magnetite is formed (high pH, high temperature) while the secondary coating can
be bound at any condition under which the nanoclusters are stable, allowing more
flexibility in coating materials and better coating. The resuspended nanoclusters are
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indistinguishable from the original nanoclusters and are stable for at least several months
after resuspension.
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Figure 4-14. Resuspension of HGMS trapped nanonanoclusters after protein binding and
desorption with pH=10 buffer. The nanoclusters developed in Chapter 2 were not
resuspended well, but when PEO was used as the secondary coating, the pH of the
secondary coating step was reduced to 5, and the secondary coating step was extended,
the nanoclusters were completely resuspended in fermentation broth.
The binding of drosomycin and other proteins in fermentation broth to the
nanoclusters developed in this section was examined. These nanoclusters show that the
synthesis methods from Chapter 2 can be applied to many systems, provided that the
polymer coating is compatible with the dispersion environment.
4.4.2.2 Drosomycin Binding - Clarified broth
Binding isotherms for drosomycin were obtained with nanoclusters that are stable
in fermentation broth. Two independent assays were used: an ELISA assay to measure
directly the drosomycin present in a sample, and a total protein assay (BCA) to measure
the total protein content. ELISA uses an antibody specific for the protein that is analyzed
and can be used to measure concentration of a single protein in complex samples. The
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BCA assay can be used to indicate the concentrations of all proteins in a sample allowing
both concentration of drosomycin and purity to be measured. Since the protein mixture is
quite complex, the system will not behave as a simple binary system and the non-
drosomycin fraction contains several proteins of widely varying properties.
The binding isotherm for drosomycin is shown in Figure 4-15. Since the
fermentation broth ionic strength is approximately 0.4, which is near the transition from
ionic to hydrophobic binding for the model systems (See Figure 4-4), the binding may be
ionic or hydrophobic. Ionic binding is increased by reduced ionic strength while
hydrophobic binding is reduced. Thus, the broth was diluted with Milli-Q water to twice
its original volume to test the dominant mechanism of binding. The binding of
drosomycin was increased quite dramatically, indicating that the binding is primarily
electrostatic. The maximum binding capacity of the nanoclusters for drosomycin is much
lower than the maximum value of 640 mg/g, due to the high ionic strength of the broth
and due to other bound proteins. The initial slope of the isotherm with fermentation broth
diluted two-fold is about 1.2, which is slightly higher than the slope of cytochrome-c
(0.8) at an ionic strength of 0.2M, indicating slightly higher affinity.
The total protein binding isotherm, as shown in Figure 4-16, shows significantly
different behavior than drosomycin binding. When the drosomycin is subtracted from the
total protein, the isotherm shape indicates that the other proteins do not all have the same
binding affinity. If it is assumed that the isotherm consists of two fractions, a strongly
bound fraction that results in the sharp upturn in the isotherm, and a weakly bound
fraction that results in the low binding at low free protein concentrations, then the
isotherms in Figure 4-17 result. These derived isotherms show much more regular
behavior. Note that the strongly bound fraction results in the majority of the bound
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protein, and that the binding is relatively independent of dilution. This is an indication
that the impurities are more hydrophobic than drosomycin, indicating that hydrophobic
interactions may be used to purify drosomycin from the undesired proteins.
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Figure 4-15. Binding isotherms for drosomycin in clarified fermentation broth at pH=3.
When the fermentation broth/magnetic fluid mixture is diluted 2x with water, the binding
affinity goes up dramatically. The ionic strength of the fermentation medium is 0.42,
indicating that drosomycin is bound primarily electrostatically
80
i) 60
0
E
c 40
..
0- 20
0
mo
0 100 200 300
Unbound Protein (ptg/mL)
Figure 4-16. Binding isotherms for all protein in clarified fermentation broth at pH=3.
When the fermentation broth/magnetic fluid mixture is diluted 2x with water, the binding
affinity goes up, but not as dramatically as drosomycin binding.
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Figure 4-17. a) Binding isotherms for all other proteins besides drosomycin. The shape
of the isotherm indicates that there are several populations of proteins that are bound
more or less strongly.
b) Binding isotherms in part a divided into strongly and weakly bound populations. In
both, the effect of dilution is much less than with drosomycin, indicating more
hydrophobic binding.
4.4.2.3 Drosomycin Elution
Based on the results from the binding isotherms, the effect of both pH and salt
concentrations on elution of protein was examined. Increasing pH reduces the affinity of
all adsorbed species, while increasing ionic strength will desorb ionically bound proteins
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and retain hydrophobically bound proteins. The elution was tested below the pI (pH=3),
near the pI (pH=7) and above the pI (pH=10) of drosomycin. The results of the elution
experiments are shown in Figures 4-18 and 4-19.
As expected, as the pH is increased, desorption of drosomycin is increased. At
low pH and low salt concentration, essentially no drosomycin is eluted, making this is a
good condition for washing the clusters and bound protein in the HGMS column to
remove unbound material without desorbing drosomycin. At higher pH values,
desorption is better and improves when ionic strength is increased. When the ionic
strength is increased further, however, less drosomycin is desorbed. This indicates that
while drosomycin is primarily bound electrostatically, it can also be partially retained by
hydrophobic interactions.
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Figure 4-18. Elution of drosomycin at several values of pH and ionic strength(bound
undiluted, pH=3, 0.44 wt% nanoclusters). Increasing ionic strength has relatively little
effect on the amount of drosomycin desorbed, while pH has a very strong effect.
When the purity of the eluted proteins is examined, it is found that at low pH and
high pH, there is essentially no purification of the drosomycin from the feed. This is
because at low pH, essentially no proteins are desorbed, and at high pH, all proteins are
desorbed. When the pH is near the pI, the eluted protein is enriched in drosomycin, since
the other bound proteins are largely retained. The best elution condition was found to be
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at a pH of 7 and 0.5M NaCl. At this condition, nearly all the drosomycin is desorbed
(80%), and nearly all other proteins are not (90% purity). Thus the recovered drosomycin
can be purified from the other proteins by recognizing that it is the least hydrophobic of
the bound proteins and is eluted by high ionic strength while the other proteins are not. It
is also worth noting that at a pH of 10 and 0.5M NaCl, essentially all the proteins that are
bound to the nanoclusters are desorbed. Thus the clusters can be nearly completely
regenerated by washing with high pH and moderate ionic strength, allowing repeated use.
The buffers needed for washing, elution and regeneration are outlined in Table 4-2.
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Figure 4-19. Purity of eluted drosomycin. The drosomycin eluted at pH=7 with salt
added is significantly enriched in drosomycin from the feed (dotted line) since the other
proteins bound are more hydrophobic than drosomycin, they remain bound at below
pH=7, while drosomycin is eluted. At pH=10, all proteins are desorbed and little
purification results, while at pH=3 very little protein is desorbed, also without significant
purification.
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Table 4-2. Selected elution conditions and use for purification of drosomycin.
Ionic Strength Drosomycin Drosomycin
pH Eluted Purity Use
(M NaCI) (%) (%)
0
0.5
0.5
-0
79.7
99.3
(-)
90.0
46.3
column wash
drosomycin elution
particle regeneration
To allow visual confirmation of the protein separation results, gel electrophoresis
was performed on drosomycin standards, fermentation broth and fractions obtained in the
magnetic separation cycle. The results are shown in Figure 4-20 and verify both that pure
drosomycin can be obtained and that the feed is a very complex mixture of proteins.
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Figure 4-20. Gel electrophoresis of drosomycin standards, fermentation broth and
fractions recovered with magnetic nanoclusters. 0.4wt% magnetic fluid was used for
capture, drosomycin was obtained as a nearly pure fraction at pH=7, with the other
proteins eluted at pH = 10.
All the above runs were performed in a small scale with a single column volume
of material and were eluted with the same volume. However, as was seen with
cytochrome-c, significant concentration can be performed with a larger scale run. A
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binding experiment with 5 column volumes of clarified fermentation broth and magnetic
nanoclusters was run through the HGMS column, and the captured material was eluted
with a column volume of elutant (pH=7, 0.5M NaCl) at a time. The results are
summarized in Figure 4-21. The first column volume elutes about the same amount of
drosomycin as was fed, while the second elutes nearly twice the concentration, followed
by less elution at each step. The total amount eluted represents 89% of the drosomycin
fed. Some concentration is possible at the early stages, which can reduce downstream
processing costs. It is worth noting that the HGMS column can accommodate much
more than 5 column volumes of material, and more significant purification may be
possible with larger scale runs where the total bound protein in the column is higher.
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Figure 4-21. Drosomycin elution of larger capture run. 5 column volumes of
fermentation broth were captured and elution was performed one column volume at a
time. Purification (90% drosomycin) recovery (89% of fed drosomycin) and
concentration (up to twice the feed concentration) can be achieved in a single step.
4.4.2.4 Reversible aggregation and need for complete elution
One interesting phenomenon that was observed in the protein binding experiments
using drosomycin as well as in several of the model systems is that the nanoclusters are
not stable to agglomeration in solutions with a large concentration of adsorbing protein.
When the secondary coating is a PEO containing graft co-polymer, the aggregation is
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reversible when the solvent conditions are changed to conditions that desorb the protein.
This phenomenon can be explained by proteins acting as cross-linking agents between the
nanoclusters, as shown in Figure 4-22. Due to the high ionic strength of the fermentation
broth and the relatively large protein sizes (2-4nm radius) relative to the double layer
thickness (-0.5nm), the nanoclusters can approach close enough that more than one
particle binds to a single protein.
Figure 4-22. Schematic of mechanism of reversible flocculation in fermentation broth
under protein binding conditions. At high ionic strength as seen in fermentation broth,
clusters can approach near enough that multiple clusters bind to a single protein. Many
of these interactions will form large aggregates. This figure is not to scale; the protein is
shown much larger for clarity.
In protein separations, this effect is actually beneficial. When the nanoclusters
agglomerate, they can be recovered very readily by HGMS and under extreme
agglomerating conditions can be settled by simply applying a magnetic field to the vessel
containing the nanoclusters. This facilitates fast and easy separation of the nanoclusters
from the unadsorbed material. Since this aggregation is reversible, as shown in Figure 4-
23, the nanoclusters can later be resuspended with little difficulty, thus retaining the
advantages of colloidal nanoclusters, and can be re-used. The resuspension of the
nanoclusters matches the elution of the protein quite well, in agreement with the
mechanism shown in Figure 4-22. This phenomenon is also important to many other
perceived uses of magnetic nanoclusters in fermentation broth. If agglomeration is not
desired, then the nanoclusters must not bind to proteins under fermentation conditions, or
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alternatively, can bind to only a single site on the protein, making cross-linking
impossible. It also highlights the need for complete elution of the protein for each
adsorption cycle, not only to keep all binding sites open, but to properly resuspend the
nanoclusters for reuse.
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Figure 4-23. Recovery of magnetic nanoclusters from the column vs. pH of wash buffer.
The magnetic nanoclusters reversibly flocculate when protein is adsorbed and do not
resuspend until the protein is desorbed.
4.4.3 Cell Binding
While the previous sections show that recovery and significant purification of
drosomycin from clarified fermentation broth is possible, to fully exploit the advantages
of colloidal separations, whole cell broth must be separated, eliminating the need for cell
clarification equipment. However, when drosomycin recovery is attempted in whole cell
broth, magnetic nanoclusters are also bound to the cells. In fact, the binding of
nanoclusters to the cells is much stronger than binding for drosomycin, with nearly
complete trapping of cells as is shown in Figure 4-24. This cell-nanocluster binding,
although not desired for our goal, is an interesting behavior for cell separation and should
be studied further. Cationic nanoclusters were tested to see if the problem was due to the
overall cell surface charge, and the binding was found to be even stronger. Thus it
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appears that the cell surface has heterogeneous surface charge that allows nanoclusters of
both charges to bind.
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Figure 4-24. Binding of cells and drosomycin to magnetic nanoclusters in fermentation
broth. At pH=3, nanoclusters bind much more strongly to cells than to drosomycin,
making their use in unclarified broth impossible. Positively charged nanoclusters bind
even more strongly to cells than negatively charged nanoclusters do.
To identify the mechanism of binding, the zeta potential of the cells and the
nanoclusters was measured. As can be seen in Figure 4-25, both the cells and
nanoclusters are negatively charged at all relevant pH values. Thus, the binding must be
due to local positive charges, and not to the overall cell charge. Yeast cell surfaces are a
complex mixture of polysaccarides, proteins and phosopholipids. 0l ° The most likely
positively charged group on the cell surface is a protein. Since protein charge is highly
dependent on pH, the binding of nanoclusters to cells is expected to be a strong function
of pH. The charge vs. pH of an "average protein" is shown in Figure 4-26, which is
simply assuming a protein of the same size as drosomycin, but with amino acid
composition equal to the overall abundance of amino acids in E. coli. l These curves are
theoretical, obtained assuming that the amino acid residues have the same pKa values as
the isolated amino acids. Note that drosomycin does not have a significantly different
charge from that of an average protein, and thus is a difficult target to bind without
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binding other proteins, including cell surface proteins. Strongly cationic proteins, such as
lysozyme, show significantly different charge vs. pH behavior.
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Figure 4-25. Zeta Potential of cells and nanoclusters in fermentation broth. Both
nanoclusters and cells are overall negatively charged at all pH values tested for binding,
indicating that binding is due to positively charged patches on the surface.
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Figure 4-26. Charge of proteins vs. pH. Based on the amino acid sequence, the charge
for drosomycin and an average protein (with all amino acids composition equal to overall
amino acid abundance in E. colil ) are similar, and match well with the cell binding.
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The binding of the nanoclusters to the cells does indeed have a strong pH
dependence, indicating that the charged group that binds to the nanocluster is most likely
a protein. The pH dependence of binding, as shown in Figure 4-27, mirrors the charge of
drosomycin and the "average protein", which means that binding of drosomycin without
cell binding is nearly impossible. To eliminate the possibility that the clustering is due to
the mechanism described in section 4.4.2.4, where bound proteins serve as cross linking
agents, the cells were isolated from all extracellular proteins by centrifugation and
washing with carbonate buffer at a pH of 10 several times before resuspension in protein
free buffer. Under these conditions, the nanoclusters still bind strongly to the cells at low
pH and weakly at high pH, indicating that the binding protein is part of the cell surface.
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Figure 4-27. Binding of cells to magnetic nanoclusters (0.12 wt%) in fermentation broth
as a function of pH. The nanoclusters bind to cells strongly at low pH and bind only
weakly at higher pH, indicating that a protein on the surface is responsible for binding.
After washing the cells with pH=10 three times to desorb all proteins from the surface,
binding still occurs, indicating that the protein is part of the cell wall and not drosomycin
adsorbed on the surface.
To further verify that nanocluster cross-linking is not the dominant mechanism of
cell-nanocluster binding, lysozyme and cytochrome-c were added to the fermentation
broth. When either of these proteins is present, particularly lysozyme, the nanoclusters
still agglomerate reversibly due to protein mediated crosslinking at high pH values.
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However at higher pH with adsorbing proteins present, the nanoclusters do not bind to
the cells, as shown in Figure 4-28, and in fact the fraction of cells bound to nanoclusters
is slightly reduced when these proteins are present. It appears that the dominant
mechanism for binding of nanoclusters to cells is due to a surface protein of Pichia
pastoris that binds under the same conditions as drosomycin.
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Figure 4-28. Cells bound to magnetic nanoclusters as a function of pH with other, high
pI proteins added. When lysozyme or cytochrome-c is added, cell binding is essentially
unchanged, even though at pH>6 the magnetic nanoclusters reversibly flocculate with
lysozyme added but do not without lysozyme, indicating that the binding is not physical
entrapment in the flocs, and that adsorbed proteins are not responsible for cell binding.
Since the nanocluster-cell binding is due to protein binding, several attempts were
made to improve the specificity of the binding for drosomycin. The first attempt was to
use surfactants, such as sodium dodecyl sulfate, Tween 20 and Pluronic F-68 to reduce
hydrophobic interactions. The results are summarized in Table 4-3, and it was found that
surfactant addition is not an effective method of reducing cell-nanoparticle binding.
Several other attempts such as using polar organic compounds, and with other magnetic
fluid synthesis routes to sterically hinder protein adsorption were also attempted, but it
was found that the cell surface protein is bound more strongly than drosomycin under all
conditions.
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Table 4-3. Cell binding with added surfactant. Even with high (denaturing)
concentrations, cell binding is not alleviated.
Additive Amount Cells Trapped
(wt%) (%)
None (-) 98.3
Pluronic F68 0.1% 99.3
Tween-20 0.1% 98.8
SDS 0.1% 99.3
SDS 1.0% 99.2
4.4.3.1 Model for nanocluster-cell binding
While the experimental results indicate that a cell surface protein is responsible
for the nanoparticle-cell binding, it is surprising that a small local positively charged
patch can be sufficient for binding when the overall cell charge is negative. While there
are reports in literature of mammalian cells binding to negatively charged
chromatography supports at low pH,' 2"'3 yeast cells do not typically bind to cation
exchange resins. The most likely reason for the increased binding of nanoclusters is due
to the much higher curvature of the nanoclusters than chromatography supports. A
simple model for this interaction based on the electrostatic interaction between charged
spheres of different diameter is outlined below and shown schematically in Figure 4-29.
The interaction between charged spheres of different size can be expressed with
the equations given by Hogg et al.,'4 as was outlined in Chapter 2 for interactions
between clusters and single nanoclusters.
Ue=47-6 0 R + R, )(Y InO +exp(-a)) (4-1)
where s is the surface separation distance between the particles, yt is the surface
potential of an isolated particle, which is approximately the zeta potential of the particle,
K is the inverse debye length, is the dielectric constant, and go is the permitivity of free
space and RI and R2 are the interacting particle diameters. By inspection of equation 4-1,
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the electrostatic potential is dominated by the smaller particle. For example if Rl>>R2,
then the bracketed term R±R2 )~R2.
[, R, + R2
If we assume that the protein is a sphere with a diameter of 4nm, the nanocluster
is a sphere with a radius of 50nm, and the cell has a diameter of 5[tm, and that the surface
of the protein protrudes 2nm from the cell surface, the interaction energy can be
calculated. The cell and nanoparticle charge (y°) are assumed to be -30mV while the
protein has a charge of 30mV. The ionic strength has been assumed to be 0.4, and the
total potential is assumed to be simply the interaction of the nanocluster and an isolated
cell added to the potential of the nanocluster and an isolated protein.
Figure 4-29. Schematic of the model used to predict the interaction energy between a
nanoclusters and a yeast cell with a protein on the surface. All are assumed to be spheres,
with the protein half out of the yeast surface, and thus closer to the particle than the yeast
cell. Due to the high ionic strength and the curvature of the nanoclusters, the overall
interaction can be attractive, even if the yeast surface and the particle are of the same
charge.
The results of this simple model are shown in Figure 4-30. The interaction energy
for the cell and protein with the nanocluster is attractive and binding is expected. When
the diameter of the nanoparticle is replaced with the diameter of a typical
chromatography support, 100 [tm, the interaction becomes strongly repulsive. The
attractive interactions between the protein and both the nanocluster and the
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chromatography bead are essentially the same, as both are much larger than the protein
and the attractive force scales with the protein radius. However the repulsive force
between the cell and the nanocluster scales with the nanocluster radius and is much
smaller than the repulsion between the cell and the chromatography support, which scales
with the cell diameter.
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Figure 4-30. Results of the model in Figure 4-29 and Equation 4-1. For a 4nm protein,
50 nm cluster and 5 Hpm cell at an ionic strength of 0.4, the cell nanoclusters interaction is
attractive. When a 100 tm chromatography bead of the same charge is put in place of
the nanoclusters the interaction is repulsive, due to the lower curvature of the bead and
stronger interaction with the cell surface.
This simple model result indicates that, due to the small size of the nanocluster
and high ionic strength of fermentation broth, nanoclusters will be attracted to cell
surface proteins nearly as strongly as to free proteins. Only if the targeted protein can be
captured at conditions that do not attract cell surface proteins can the separation be
performed in whole cell broth. Thus the basic method that was successful for purifying
drosomycin from other extracellular proteins (binding many proteins and selectively
eluting drosomycin) will not be effective in whole cell broth since cell surface proteins
are also bound. While this result negatively impacts separation of extracellular proteins,
it provides a basis for designing separations, indicating that very specific interactions
between the particle and the desired protein must exist for one step purification. Due to
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the low hydrophobicity and nearly average charge vs. pH of drosomycin, it is unlikely
that any conditions exist where drosomycin and only drosomycin is bound to a
Ihydrophobic charged surface. However certain proteins deviate much more from average
behavior and can be separated from whole cell broth in a single step with these
nanoclusters. In the following section, lysozyme is used as an example to verify this
result.
4.4.4 Lysozyme Purification from Unclarified Broth
Based on the results of the prior sections, drosomycin is not a good candidate for
one step purification from whole cell broth with ion-exchange. However, cell binding is
not a problem above a pH of 7, and a protein that can be bound at high pH values should
bind to the nanoclusters without any cell binding. The model protein chosen was
lysozyme, both because it is strongly positively charged at pH=7, and because a simple
assay to measure lysozyme activity allows direct measurement of lysozyme concentration
in complex mixtures such as fermentation broth.
Pichia pastoris broth was adjusted to a pH of 7 and 200 [tg/mL of lysozyme was
added. Magnetic nanoclusters were added (0.4wt%) to the broth and a standard
separation run was performed. The lysozyme activities in the feed and unbound fraction
were measured, indicating 25% binding of lysozyme. The lysozyme was eluted with
0.2M MgCl2 and 19% of the original lysozyme activity was recovered. Only about 4% of
the cells were retained in the HGMS column with only a single column volume of wash
buffer added. This result indicates that a protein can indeed be recovered from whole cell
broth as a relatively pure component in a single step. Since this experiment was only
meant to be a proof of concept, there was no attempt at optimization. In particular, the
magnetic fluid may be competing with the cell surfaces for lysozyme binding and a
higher magnetic fluid content as well as added salt to increase hydrophobic binding may
improve recovery of lysozyme.
This result highlights the need for a specific interaction between the protein and
the nanocluster, in this case charge at pH=7, is needed to fully utilize magnetic
nanoclusters in protein purification. When a protein such as drosomycin, with no
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particular strong affinity needs to be purified, cells must be removed before purification
and recovery of the desired protein.
4.5 Conclusions
This chapter examined the feasibility of using magnetic nanoclusters for
purification of recombinant proteins from fermentation broth. Model protein adsorption
shows the significant promise of these nanoclusters, with maximum capacity of 640mg/g,
which is much higher than for traditional porous materials. Due to the combined
hydrophobic and ionic interactions of the nanoclusters with proteins, relatively specific
binding can be performed with one equilibrium stage. The nanoclusters are completely
reusable provided that sufficient secondary coating is on the nanoclusters, verifying the
synthesis method outlined in Chapter 2. A larger scale run verifies that large amounts, 50
column volumes, of protein solution can be processed rapidly at 3,600 cm/hr with a
significant concentration factor of over 8. E. coli cells can be passed through the HGMS
column with essentially no hindrance, both with and without magnetic fluid. This allows
separations to be performed in whole cell broth, provided that the cells do not interact
with the nanoclusters.
The nanoclusters were tested for use with a real system, using Pichia pastoris in a
fed batch. Due to the extreme solution conditions, the nanoclusters developed in Chapter
2 were not directly applicable for use in fermentation broth. However with the minor
modification of adding PEO to the secondary coating, the nanoclusters are completely
reusable in fermentation broth. This result verified that steric stabilization is required for
use in fermentation broth, and serves as a broad guideline for future design of
nanoclusters for use in bio-based applications. In clarified broth, the combined
hydrophobic and ionic interactions of the nanoclusters can be used to obtain relatively
pure drosomycin, due to a lower hydrophobicity and easier elution than other adsorbed
proteins. High recovery (89%), purification (90%) and reasonable concentration (2 fold)
can be performed rapidly and easily with the nanoclusters.
When cells are present in fermentation broth, the nanoclusters bind to cell surface
proteins at all conditions where drosomycin is bound. The nanoclusters bind in spite of
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electrostatic repulsion with the cell surface due to the small diameter of the nanoclusters
and the high ionic strength of the medium. This result has important implications for
further work in bioseparations, or in any application where nanoclusters are used in the
presence of cells. Only when the nanoclusters have no affinity for surface proteins will
cell binding be alleviated. Thus, for recovery of a desired protein from whole cell broth,
some specific interaction between the nanocluster and the desired protein is needed.
Specificity can be due to a specific affinity ligand, which was not studied in this work, or
due to electrostatic or hydrophobic interactions at conditions where cell surface proteins
will not bind. Lysozyme was added to the fermentation broth and recovered at high pH
where the surface proteins do not bind, and was recovered with very little cell binding.
This result indicates that using magnetic nanoclusters for protein purification in whole
cell broth can in fact work, but that strict constraints on the interaction of the nanoclusters
with cells must be observed, serving as a guideline for design of coatings with more
specific activity.
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Chapter 5
Conclusion
5.1 Summary of Research
Recovery and purification from fermentation broth is the single greatest
production expense for a recombinant protein. Productivity of protein purification
processes are typically low, due to mass transfer limitations. Separations can be
performed much more quickly if very small, colloidal particles are used for protein
adsorption. The major difficulty encountered with colloidal separations is recovery of
these small particles. Magnetic fluids consist of a colloidal dispersion of magnetic
nanoparticles or nanoclusters in a carrier liquid. The nanoparticles are small enough to
remain suspended in gravitational and moderate magnetic fields, and the dispersion
behaves like a single phase with minimal mass transfer resistance, while the magnetic
properties of the nanoparticles allow recovery of protein-laden nanoparticles with
magnetic filtration. However, use of magnetic nanoclusters has been limited by the high
cost, poor stability and difficult recovery. This thesis examined new methods of
synthesizing magnetic nanoclusters to overcome these difficulties, magnetic filtration of
these nanoclusters and their use in protein purification in both model and real fermentive
systems.
To be useful in separations, magnetic nanoparticles must be stable from
agglomeration in the dispersion medium and must be recoverable from the dispersion
medium. Recovery requires small clusters of the nanoparticles, but particles that are
stable, by definition, do not cluster. A synthesis method that introduces an instability and
causes clusters to form and later stabilizes the clusters is required. We have synthesized
magnetic fluids consisting of 25-200 nm clusters of 8 nm magnetite (Fe304) cores coated
with poly(acrylic acid-co-styrenesulfonic acid-co-vinylsulfonic acid). The polymer
stabilizes the nanoclusters and provides hydrophobic and ionic interactions for protein
adsorption. Clusters can be formed by several methods. If a low molecular weight or
particularly hydrophobic polymer is used for coating, van der Waals interactions between
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the particles causes aggregation, while a high molecular weight polymer coating forms
bridges between nanoparticles. Synthesis with either of these coating materials produces
clusters, but the instability that causes clustering is due to the composition of the coating,
which cannot be easily changed. Thus the resulting clusters are not particularly stable.
When a moderate molecular weight polymer in limited amount is used for coating, the
magnetite cores aggregate during the coating process. In this case, the instability causing
clustering is due to the amount of coating, and these clusters can be stabilized by
additional polymer. Using our new synthesis method, very stable clusters from 20-
200nm can be produced. Models have been developed to predict the optimum molecular
weight of the polymer coating as well as the amount of polymer used in the first step to
obtain the desired cluster size. Models have also been developed to predict the cluster
size at low and high molecular weight. The models have been developed from well-
established colloid science theory with minimal fitted parameters, and should allow
simple application to other polymer coatings.
Due to nearly instantaneous mass transfer in colloidal systems, the rate-limiting
step in a magnetic nanocluster based separation process is magnetic filtration. To
understand and improve this important step, capture of the nanoclusters in high gradient
magnetic separation (HGMS) was studied experimentally, and a new model for HGMS
capture that extends current single wire models to column behavior was created. Clusters
larger than 50nm are captured very efficiently (>99.9%) at high flow rates. When a
sufficiently long column was used, the lost particles were almost entirely single
nanoparticles that were significantly smaller than the average cluster size. When these
small nanoparticles are removed, capture can be significantly improved. The column
model allows quantitative prediction of HGMS capture at a wide range of conditions,
while analysis of the limiting condition of an infinite number of stages yields new
parameters that can be calculated much more simply than the full column model. These
parameters can be used for quantitative estimates of the maximum capture and capacity
of the HGMS column, and can be calculated as simply as previous models that only
provided qualitative information.
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Finally, the use of the nanoclusters for protein purification was explored in both
model systems and fermentation broth from Pichia pastoris. The magnetic nanoclusters
show very high capacity (640mg protein/g particles) for model proteins. Binding is
primarily by ion-exchange at low ionic strength, and by hydrophobic interactions at
higher ionic strength. The dual modes of binding allow specific binding and desorption
of target proteins at appropriate pH and ionic strength. The nanoparticles can be reused
for multiple protein separations, provided sufficient secondary polymer is added. The
HGMS column has large capacity for the protein-laden nanoclusters, and significant
concentration can be performed in larger scale runs when the elution volume is smaller
than the captured volume. Stability in fermentation broth required development of a new
secondary coating, due to the presence of multivalent ions and organic compounds.
These new nanoclusters allow nearly complete recovery of the recombinant protein
drosomycin in a nearly pure form from clarified fermentation broth with combined ion
exchange and hydrophobic interactions. When separations are performed in whole cell
broth, the nanoclusters bind to surface proteins of the Pichia pastoris cells at conditions
required for drosomycin recovery. A simple model of the binding has been developed
that indicates binding of nanoclusters to cells will occur if any cell surface proteins can
be bound, regardless of overall cell surface charge. At conditions where the nanoclusters
(do not bind to the cells, the model protein lysozyme has been recovered from whole
fermentation broth, indicating that specificity between the cell surface protein and the
target protein is required for protein recovery from whole cell broth.
5.2 Comparison with Current Methods
While there appear to be significant advantages obtained from using magnetic
nanoclusters for protein purification, a direct comparison of this method with existing
methods is required. Since the current methods rely on a column, and the method
outlined in this thesis requires an HGMS column, a direct comparison based on column
productivity and capacity is performed below.
Protein purification is most commonly performed with column chromatography
or expanded bed chromatography. Both of these methods rely on 100[tm porous beads
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for protein purification'. Due to low mass transfer rates, as the flow velocity increases,
less of the porous bead is available for adsorption and capacity drops. As outlined in
Chapter 3, when the flow rate in the HGMS column is increased, the maximum fraction
of the column that is solid nanocluster buildup, Bmax, is reduced. For all methods,
increasing velocity increases productivity but reduces capacity. As a simple optimization
metric, the maximum value of the productivity times the capacity was found.
The productivity of the column (gprotein/hr) is:
P = AcVoCprot (5-1)
where P is the productivity, Ac is the cross sectional area of the column, Vo is the linear
flow velocity and Cpro, is the protein concentration. The capacity of the column is:
Cap = tqMoax (5-2)
where Cap is the capacity, 0 is the fraction of the column that is the solid phase and qmax
is the maximum adsorbed protein per unit volume of the solid phase. The variable to be
optimized is the capacity of the column times the productivity, normalized to the cross
sectional area and protein concentration:
PCap V (5-3)
= C VOqMax = VOBmaxqMa (5-3)
C prot
For the expanded bed, the fill fraction is the reciprocal of the bed expansion, and
is typically -0.3.2 For a packed column, the fill fraction is unity. The nanoclusters
examined in this thesis have a maximum capacity of 640mg/g or 900mg/mLsupport or
480mg/mLtotal when the volume of the protein is accounted for. The capacity is
independent of flow velocity, due to nearly instantaneous equilibration. As a further
comparison, Bm,, has been calculated for 32nm magnetic particles coated with
phospholipids (magnetoliposomes) that have been shown to have high capacity for
protein adsorption 3 (1200mg/mLsuppot or 550mg/mLttal). The results are shown in Figure
5-1. The maximum capacity times productivity for traditional methods was obtained
with high-density zirconium oxide expanded bed supports.2 However, this maximum is
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20 fold smaller than the maximum for the magnetic nanoclusters. Since the
magnetoliposomes are only slightly larger than the minimum size for capture, they have
a capacity times productivity 2 fold lower than the magnetic nanoclusters, due to a much
smaller Bm,,. The magnetic nanoclusters examined in this thesis not only have higher
performance than previous nanoparticles, but are made with much easier methods and
cheaper materials.
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Figure 5-1. Productivity multiplied by capacity as a simple optimization and comparison
of protein purification methods. The magnetic nanoclusters examined in this thesis
perform 1-2 orders of magnitude better by this metric than the best competing technology
reported in literature, 2 and about twice as well as magnetoliposomes 3 . The optimum
operating velocity is much higher (around 4000cm/hr) than standard methods (around
300 cm/hr)
This analysis indicates that there are significant processing advantages in the use
of magnetic nanoclusters for protein purification. However, due to the single phase
operation of magnetic nanoparticles, several repeated stages may be needed to replicate
the separation obtained with a packed bed. To fully utilize the advantages of the
nanoclusters, strong affinity and specificity for the target protein is required so that as
few stages as possible are used.
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5.3 Future Research Directions
Throughout this project, every effort was made to develop methods and models
that can easily be applied to other systems, which should allow many more nanoclusters
with different coating functionalities to be easily created. To improve protein
purification with these nanoclusters, the affinity and specificity of the nanoclusters for
targeted proteins is required, both to reduce cell binding and to reduce the number of
stages needed for protein purification. Based on the synthesis methods created for
cationic coatings (with a quaternary ammonium salt on the surface), it should be
relatively simple to make similar coatings with primary amines on the surface. Many
existing methods that have been developed for attaching affinity ligands to primary
amines could then be applied to the nanoclusters, such as dye, metal chelate and specific
protein affinity4 . Alternatively, we have used a coating with methoxy-terminated PEO
for stabilization, but if a hydroxy-terminated PEO is used, the excellent stability and
resistance to nonspecific protein binding afforded by PEO could be coupled with
attachment of ligands to the terminal hydroxyl group. While these polymers are
somewhat expensive, the resulting nanoclusters may be useful for very specific
separations of high value proteins. We believe the various different coatings that are
potentially possible makes this approach generic and useful and it is recommended that
future studies in this area be pursued.
Another area that should be studied further is the HGMS capture of the
aggregates. The current HGMS system uses wires that are randomly packed into the
column, and thus only about half of the wires are utilized efficiently. Different packing
methods or structured packing should increase the capacity of the column at least 2-fold.
This orientation, where fluid flow is perpendicular to the magnetic field has also been
shown to have stronger flow limitations than in systems where the flow and magnetic
field are aligned.5 Thus, changes in orientation may further increase the capacity and
speed of the HGMS column. Since HGMS is the bottleneck of the process,
improvements in capacity and speed will directly relate to improvements in the overall
process. It is also recommended that the scale-up of HGMS process be studied and an
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economic analysis be performed. Furthermore, the number of cycles which the magnetic
nanoparticles can be effectively used should also be studied in the future.
While downstream processing can be improved by use of magnetic nanoparticles,
one of the major advantages of the nanoclusters is that, in the absence of cell binding,
they can be used in the presence of whole cell broth. One potential application that is
enabled by this technology that is not possible with conventional methods is extractive
fermentation, where a desired product is removed from fermentation broth during
fermentation. This method could prove useful when the product inhibits cell growth, or
when proteases or other enzymes degrade a particularly labile protein during
fermentation. If these labile proteins can be recovered as they are produced, significant
improvements in protein quality could be possible.
In the protein purification process outlined in this thesis, cell binding was a
negative result that hindered recovery of the protein. However, the affinity of the
nanoparticles for cells, even in conditions where the overall charge of the cell repulses
similar chromatography beads, could be useful. Specifically designed nanoclusters that
bind and flocculate cells may be useful in cell clarification, where the magnetic cell flocs
can be removed by relatively small magnetic field gradients, and may be captured by
simple magnetocollection. Alternatively, if the magnetic nanoclusters are bound to the
cells without causing flocculation, the cells may be used in a semi-continuous
fermentation where cells are retained at high density, but feed and product are
continuously removed. The binding of magnetic nanoclusters to smaller biological
entities such as viruses may also allow separations to be performed that are not possible
with micron sized beads.
Finally, the synthetic methods outlined in this thesis can be useful in making
nanoclusters for a wide range other biological and non-biological systems. Stable
magnetic nanoclusters that can easily be recovered may find use in any chemical
processing operation that currently uses packed beds or two phase systems and is mass
transfer limited. Examples include catalysis and extraction. The synthesis methods may
also be useful in producing nanoclusters for biomedical applications where stability in
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physiological conditions is required, and clusters allow more specific targeting due to
higher response to magnetic fields than individual nanoparticles. Many applications can
be envisioned that require stability and controlled size, and the methods and models
developed in this thesis will hopefully enable many new applications that have until now
either been infeasible or impossible.
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PhDCEP Capstone Project - Commercialization of
Magnetic Nanoclusters for Adsorptive Separations
6.1 Introduction and overview
In the preceding chapters, a new method of creating and using magnetic
nanoclusters for recombinant protein purification was described in detail. Many
technical challenges have been overcome towards making this a viable process.
However, for this innovation to have a real impact, it will have to be commercialized and
used. Whenever a radical new technology is created, the path to commercialization is a
difficult one and it is the goal of this capstone chapter is to provide a start in this long
path towards commercialization.
Although there are many potential applications for the use of the nanoclusters, in
order to keep the analysis reasonable, the scope of this chapter will be limited to
adsorptive separations of biological molecules. Since there is still much to be done
before commercialization can be started, this chapter will not have the detailed financial
projections of a business plan. Instead, a general guideline to commercialization has been
created to answer questions that will be important whatever path is finally taken to
commercialization. In each section, a general theory will be outlined that can be used for
a wide range of innovations, and will then be applied to magnetic nanoclusters for
adsorptive separations.
In this capstone, the following questions will be answered:
* In what applications do magnetic nanoclusters offer the largest economic
advantages over existing technology? This question will be answered by
estimating the cost of using magnetic nanoclusters as compared to traditional
separation methods. The results will be generalized so that the characteristics
of promising applications can be outlined, while specific examples will
illustrate the advantages in several relevant applications.
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* What industries in which these applications are used offer the best
potential for long-term profit? Once the applications that create the most
value are known, the next step is to predict which industries will be the most
profitable final applications for the magnetic nanoclusters. This question will
be answered by outlining the five forces framework for analyzing industry
profitability, then using the framework on three potential industries. In this
way the best final application for the technology can be found.
* What is the best initial strategy for commercializing the magnetic
nanoclusters? While the first two sections tell us where the
commercialization should end, it is important to know what the best strategy
to start the commercialization is. Since this problem is common in academia,
a combination of theories of radical and disruptive innovation will be used to
create a new framework for predicting the best initial commercialization
strategy, based on the type of innovation and the skills of the incumbent firms
in the industry. This framework will then be applied to the magnetic
nanoclusters.
* What path leads from the initial market to the final application that
offers the best long-term profit? From the first three sections, the best
initial strategy and best final application will be known. However, the
transition from the entry point to the mainstream is difficult, and a theory for
crossing over to the mainstream will be outlined. This theory will then be
used to predict what application will be the best to use as a transition from the
early market to the final market.
With the answers to these questions, the most important next steps will then be
outlined, so that commercialization of this innovation can be moved forward.
6.2 Value Creation
The first step in evaluating the commercial potential of a new technology is
estimating how much value is created by using the new technology rather than using
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traditional technology. In the previous chapters, the technical advantages of this
technology as compared to column chromatography have been described in detail,
namely that fast mass transfer and rapid HGMS capture allow processing of complex
feedstocks much more quickly than with column chromatography, and that higher surface
area leads to higher adsorptive capacity. In this section, the economic impact of these
advantages will be calculated for several applications. It will be shown that the
economic impact of using magnetic nanocluster based separations can be quite
significant, particularly in separations with difficult to remove colloidal debris and where
mass transfer is strongly limiting.
6.2.1 Relative capital costs of HGMS to traditional processes
In Chapter 5, the HGMS models and the protein binding isotherms were
combined to derive a relationship between HGMS column capacity and flow velocity. In
this section, these relations will be used to estimate the size of an HGMS column needed
for a specific application. This will be compared with the size of chromatography
column needed for the same application. For the HGMS column, the capacity is:
Cap = BMaqMa (5-2)
where Cap is the capacity of the column (gprotein/LHGM), qmax is the maximum adsorptive
capacity of the nanoclusters, (480g/L) and Bmax is the maximum fraction of the column
that can be filled with nanoclusters before the capture zones are filled or:
A( - i )Bmax = (3-23)
Since the magnetic nanocluster adsorption is not mass transfer limited on process time
scales, the capacity is not affected by the flow rate of the feedstock, and depends only on
the fraction of the HGMS column that can be filled by the nanoclusters.
The adsorptive capacity for a protein in a chromatography resin is strongly limited
by pore diffusion. Thus, to calculate the capacity of the column for protein as a function
of the flow rate, pore diffusion needs to be considered. Using the shrinking core model, 2
we find that the capacity of a chromatography bead is:
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q oC -- (6-1)
R 2
CoD
where q, is the dynamic capacity of the chromatography beads r is the residence time of
the column, Co is the bulk concentration of protein, R is the radius of the chromatography
bead and D is the pore diffusivity of the protein. Rather than trying to estimate the
capacity with this relation, data from an actual chromatography beads commonly used in
industry at a specific set of conditions has been used.3 In the following calculations, the
capacity has been adjusted with equation 6-1 to account for conditions other than those
for which the data was taken, such as with different bulk concentration or solute
diameter.
With relations for total adsorptive capacity of both HGMS and column
chromatography as a function of the flow rate, the maximum processing rate can be
calculated. In a real process, other concerns such as product concentration of buffer
usage would affect the optimum operating conditions. However, this result gives us the
smallest possible column without assuming anything else about the process. Since each
adsorption step must be followed by an elution step, and the elution step will happen
more often when the adsorptive capacity is lower, the maximum rate depends both on the
flow rate and the capacity3 :
Rp1 (6-2)
1000( + N 
COUI qd U )
where Rp is the rate of protein processing (g/cm 2/hr), U is the loading velocity, Ue is the
elution velocity, and N is the number of column volumes used for elution. Using N=18,
adding a constraint that the maximum pressure drop in the chromatography column is 2
bar, and using an elution velocity at which a 2 bar pressure drop occurs, an optimum
processing rate for the chromatography column can be found.3 For the HGMS column,
the parameters Ue=Ul ,N=1 8 and qd=Cap were used to find the maximum processing rate.
The ratio of the sizes of the column required is simply the reciprocal of the ratio of the
processing rates. The results for a wide range of operating conditions are shown in
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Figure 6-1 a. As the conditions become more mass transfer limited with either lower bulk
concentration or large solute size, the use of magnetic nanoparticle based separations
becomes much more attractive. Since minimizing the size of the equipment is not the
only concern in optimizing a bioprocess, the productivity times the concentration factor
was maximized for the magnetic nanoparticle based separation and column
chromatography, and the ratio was calculated. The ratio of this optimization metric is
higher than for the ratio of just the productivity, since the HGMS column has a higher
capacity for protein than the chromatography column, allowing a higher concentration
factor. However in the economic calculations, the minimum size will be used, since this
will lead to the minimum capital cost.
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Figure 6-1a). Relative size of a chromatography column and an HGMS column needed
to process a given amount of product. As the solute gets larger and more dilute, and thus
mass transfer limitations become worse, the relative size gets larger and HGMS becomes
more attractive.
b) Relative productivity times dynamic capacity for HGMS and column chromatography.
This ratio is higher than part a) since not only is the productivity of HGMS higher, but
also the capacity for protein adsorption.
While the results of this calculation show that the column size required for HGMS
is indeed smaller than for chromatography, what is really needed to calculate value
creation is the relative cost of using the two columns in a process. Since the
chromatography column needs to have some form of cell or colloidal debris removal
upstream of the column, the relevant comparison for an HGMS column is a
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chromatography column and a centrifuge. SuperPro designer was used to estimate the
capital cost of the chromatography column and the centrifuge.4 For the HGMS column,
no simple cost curves could be found. However, Metso minerals 5 was kind enough to
provide estimates of the cost for two of their machines, including retrofitting them with
the same matrix material as was used in the laboratory HGMS column. The cost curves
for an HGMS column and a chromatography column are shown in Figure 6-2. For the
two sizes given for the HGMS column, the cost was approximately three times that of a
similarly sized chromatography column. Since there were not enough data points to
create a full cost curve, this three-fold cost was used as a proxy for a more detailed cost
curve. In the full cost estimates, it is important to note that each piece of equipment has a
maximum size, after which multiple pieces of equipment must be used in parallel.
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Figure 6-2. Relative cost of and HGMS column and chromatography column as a
function of the column cross sectional area. For the same size of column, an HGMS
column is approximately 3 times more expensive
Large process scale is one of the main advantages of the HGMS column; the
largest chromatography columns have a cross sectional area of 1.13 m2 while the largest
HGMS columns have a cross sectional area of 7.2 m2.4 5 Thus at very high throughputs, a
single HGMS column can be used in the place of a large train of parallel chromatography
columns. At the extreme, Metso has another line of continuous HGMS units with a
maximum throughput of 450,000L/hr5, while the world's largest ethanol plant (and thus
one of the largest fermentation processes) has a throughput of about 840,000 L/hr, and
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could be processed on two of these machines. In contrast, it would take 2800 large
chromatography columns (at 300 cm/hr flow rate) to process such a large throughput.
6.2.2 Relative operating costs of magnetic nanocluster separations to
traditional separations
In addition to estimating the relative capital cost of an HGMS column to
traditional processes, the cost of consumables must also be compared. In this section, the
cost of using nanoclusters will be compared to the cost of using chromatography beads.
Then the cost of operating HGMS relative to centrifugation and chromatography will be
compared.
In this thesis, methods and models have been created so that any water-soluble
polymer can be used to stabilize and coat the nanoclusters. Since chromatography resins
are made of water-soluble polymers that have been crosslinked to form a bead, as a first
approximation, we will assume that the polymer cost for both is the same. This is a
conservative comparison of the costs, since control of the morphology of the polymer is
much more important and difficult in a chromatography bead, where uniform, large pores
must be present for reasonable mass transfer. Additionally, less expensive polymers can
be used to stabilize the nanoclusters than can be used as chromatography beads, since the
chromatography beads must be solid and have good mechanical stability at a wide range
of temperatures and flow rates, while nanocluster coatings only need to be water-soluble.
However, assuming that the polymer costs are identical provides an upper limit on the
cost of using magnetic nanoclusters. Additionally it has been assumed that the labor
required to make the magnetic nanoclusters is identical to what is required to make the
chromatography beads. This seems reasonable, since the polymerization of the
chromatography beads is more difficult, but the magnetic nanoclusters do require a
synthesis step and also must be cleaned with HGMS.
With these assumptions, the only difference between the cost of making magnetic
nanoclusters and chromatography beads is the added cost of synthesizing the magnetic
nanoclusters. This added cost has two components: the added material cost, and the
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added capital cost for the equipment needed to synthesize and clean the nanoclusters.
Ignoring the polymer cost, as is assumed above, the material costs for making the
magnetic nanoclusters are simply the cost of the iron chlorides and the cost of the
ammonium hydroxide used in the synthesis. Both are relatively inexpensive commodity
products, as iron chlorides are used in wastewater treatment, and ammonium hydroxide is
used in many chemical processes. For one kilogram of magnetic nanoparticles, the
ammonium hydroxide cost is $0.28 (1.4kg is needed, at a cost of $0.20/kg) 6, and the iron
chlorides cost is $0.72 (a total of 2.1kg is needed at a cost of $0.34/kg). 7 Thus the added
cost of materials is only $1/kg. A typical chromatography resin for use in protein
purification costs approximately $600-$2500/kg 8, thus this added material cost is
negligible.
While the cost of making nanoparticles rather than chromatography beads is
negligibly different, the actual operating costs from using them are not identical. The
operating cost depends on how much adsorbing material is needed for each protein
adsorption cycle and the number of adsorption cycles the adsorbing material can be used.
The amount of protein that can be processed with a given amount of either nanoclusters
or chromatography resin depends on the dynamic capacity of the material. Assuming that
the nanoclusters can be used as a direct substitute for the chromatography resin, the value
of lkg of nanoclusters is:
1V - N n ema Vc (6-3)N, q6
Where V is the value of the nanoclusters, N, is the number of cycles the nanoclusters can
be used before replacement, Nc is the number of cycles the chromatography resin can be
used, qmax is the adsorptive capacity of the nanoclusters, qd is the dynamic capacity of the
chromatography resin and Vc is the value of the chromatography resin. Since the cost of
producing the nanoclusters is essentially the same as the cost of producing the
chromatography resin, the value added by using nanoclusters is:
AV=VN VcV (NN qax ) (6-4)
V~(N q1
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This tells us how much the variable costs of running a process are reduced for each
kilogram of nanoclusters used. To estimate the return of using the nanoclusters, we need
to know the cost of building a plant to make the nanoclusters.
The capital cost for producing the magnetic nanoclusters can be estimated by
finding the costs of each major piece of equipment, and multiplying it by a cost factor to
estimate the total plant cost. The magnetic nanocluster production process has two major
unit operations, a batch reactor, and an HGMS column for cleaning the magnetic
nanoclusters. It has been assumed that a batch of magnetic nanoclusters can be made
every 6 hours, and that the nanoclusters have to be cleaned 6 times to be properly
cleaned, based on the HGMS cleaning results in Chapter 3. Additionally, it has been
assumed that 24 hours of storage capacity both before and after each unit operation, as
well as 24 hours of product and waste storage is needed. With these estimates, the cost of
a plant can be estimated (using a total cost factor of 4 times the equipment cost). The
capital cost and capital cost per kilogram of yearly output are shown in Figure 6-3.
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Figure 6-3. Estimated capital cost for building a plant to produce magnetic
nanoparticles, and the cost/kg of yearly capacity.
Now that the variable cost savings from using nanoclusters and the capital cost of
building a plant to make these nanoclusters has been estimated, the payback time for
building the plant can be estimated:
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Ccapital = AV(1 (6-5)
where Ccapital is the capital expenditure/kg/yr, r is the discount rate, and T is the payback
time. Rearranging equation 6-5 to solve for T:
In 1
Ccapitalr
AV (6-6)
ln(1 + r)
Using a discount rate of 25%, the payback time is calculated in Figure 6-4. Even for a
small plant, the payback time is less than a year when Nc qm is greater than 1.5. In
Nc qa
the worst case scenario, where the dynamic capacity of the resin is 150 g/L, and the
chromatography resin can be used 100 times, the nanoclusters only need to be used 35
times to have a 1 year payback for the small plant. If the dynamic capacity of the
chromatography resin is below 4g/L, as is often the case with very large solutes, the
nanoclusters only need to be used once to assure a 1-year payback. Thus with repeated
use, the nanoclusters can lead to dramatic decreases in the variable cost of running a
bioprocess relative to the capital cost of building the plant to make the nanoclusters.
When using an HGMS column, there is also the added expense of the electricity
required to generate the magnetic field. An HGMS column that can process up to
50,000L/hr requires a power input of 150 kW.5 In contrast, a centrifuge that can process a
maximum of 5,000 L/hr requires a power input of 17kW.9 At the same processing rate,
the total input for centrifugation is similar to that of HGMS (170 kW vs. 150 kW). Thus
for further calculations, it has been assumed that the utility usage for both separations is
the same. It does appear that both the consumable costs and utility costs for HGMS may
indeed be lower than the current process.
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Figure 6-4. The payback time for building a plant to make magnetic nanoclusters as a
function of the usage of chromatography resin/ usage of nanoclusters (N,/Nc x q/qd).
Even with a small production facility, when the relative usage of chromatography resin is
more than 1.5, the payback time for the plant is less than a year.
6.2.3 Case studies of relative costs of magnetic nanocluster separations
to traditional processes
The relative capital cost of HGMS and traditional operations depends on four
variables: feed rate, solute size, solute concentration and cell debris size. Rather than
generating figures for the entire solution space, several representative cases have been
generated to show the relative benefits of using magnetic nanocluster based separations.
6.2.3.1 Expression of recombinant antibodies in Chinese Hamster Ovary (CHO)
cells
The first case that was examined is the production of recombinant antibodies in
CHO cells. The use of CHO or other mammalian cells for the production of antibodies is
one of the most common fermentation operations in the biotech industry, and
recombinant antibodies have use in many treatments, ranging from cancer to
inflammatory disorders. 0 This also represents what is essentially a worst-case scenario
for the comparison of magnetic nanoclusters and traditional methods. Due to significant
research in developing highly productive cell lines, the protein concentration in a typical
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fermentation is high, around 1-2 g/L °1 , which leads to fairly good mass transfer in
chromatography. Additionally, mammalian cells are much larger than microbial cells,
and thus can be removed relatively easily with centrifugation.11 In Figure 6-5, the capital
cost estimates are shown as a function of process throughput. At low production rates,
traditional methods are less expensive; however as the production rate increases, the poor
scale up economics of both column chromatography and centrifugation make HGMS a
viable alternative. In the future, as very large-scale production of antibodies is needed,
HGMS will become more and more attractive, however future advances in increasing
expression level may also make chromatography more attractive as well.
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Figure 6-5. Capital cost of centrifugation and column chromatography and the capital
cost of HGMS for clarifying and purifying recombinant antibody from Chinese Hamster
Ovary (CHO) cells.
6.2.3.2 Expression of drosomycin in Pichiapastoris
The second case examined was the production of drosomycin in Pichia pastoris,
as was outlined in Chapter 4. This separation has several interesting characteristics that
make it another tough test of the HGMS separation method. First, the protein is
relatively small (2nm), and thus mass transfer is less limiting than in many cases.
Second, the cells, while smaller than mammalian cells, are still large enough to be
captured relatively easily with centrifugation. However, the expression level is relatively
low, and mass transfer is somewhat limited. Since the protein would be used for
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industrial purposes, the production rate is expected to be very high, making HGMS more
attractive. The costs are shown in Figure 6-6, and are similar to those for antibodies from
CHO cells. However, since the expected production rate is much higher, this application
is likely to favor the use of magnetic nanocluster based separations.
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Figure 6-6. Capital cost of centrifugation and column chromatography and the capital
cost of HGMS for clarifying and purifying drosomycin from Pichia pastoris. The large
cells and small target solute make traditional methods fairly attractive at low process
scales, while HGMS becomes more attractive at higher process scales.
6.2.3.3 Expression of heparinase I in E. coli
To illustrate how much expression level and cell size can effect the cost of using
traditional methods, the nekt example is the soluble expression of heparinase I in E.
coli. 12 In this process, the expression level is much lower and within the cell. Thus there
are strong mass transfer limitations, and the cell debris is much smaller and more difficult
to remove than in the prior cases. As can be seen in Figure 6-7, the cost of the traditional
operations is much higher than in the previous cases, while the cost of the magnetic
nanocluster based separation is actually lower. This illustrates how separations that are
difficult for traditional methods are prime targets for the use of magnetic nanoclusters.
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Figure 6-7. Capital cost of centrifugation and column chromatography and the capital
cost of HGMS for clarifying and purifying heparinase I from lysed E. coli. The small cell
debris and low protein concentration make HGMS far superior.
6.2.3.4 Production of plasmid DNA in E. coli
As a final case, the cost of purifying plasmid DNA produced by E. coli has been
estimated. This example will illustrate an operation that is prohibitively expensive with
traditional methods'3, but is relatively easy with magnetic nanoclusters. Due to the very
large size of the plasmid (>OO00nm), and low bulk concentration, mass transfer is strongly
limited'4 , and chromatography becomes prohibitively expensive. The cellular debris, just
as in the last case, is difficult to remove. As a result, the cost of magnetic nanocluster
based separations is much lower than traditional separations. While large-scale plasmid
separations are not currently common, as gene therapy applications become a reality, the
production of large quantities of DNA at low cost will become important. In Figure 6-8,
it can be seen that magnetic nanoclusters show great promise in greatly improving the
process economics. Additionally, the purification of plasmid DNA is similar to the
recovery of vaccines from fermentation broth, which is currently expensive and
difficult' 3, and should be much less expensive with magnetic nanocluster based
separations. Finally, adsorption of very large molecules such as plasmid DNA or
vaccines can typically be performed with very high affinity, due to multi point
attachment, which would allow the magnetic nanocluster based separations to be done
with a single equilibrium stage without the use of expensive affinity ligands.
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Figure 6-8. Capital cost of centrifugation and column chromatography and the capital
cost of HGMS for clarifying and purifying plasmid DNA from lysed E. coli. Small cell
debris and very large target solute make centrifugation and chromatography prohibitively
expensive, while HGMS remains relatively inexpensive.
6.2.3.5 Clearance of viral contamination from recombinant therapeutics
Another application that shows tremendous promise for cost savings as compared
tlo traditional technology is the use of magnetic nanoclusters for the removal of viral
contamination from therapeutic substances. The basic principle for the separation is the
same as for cell binding, as was outlined in Chapter 4, and detailed model predictions are
included in the appendix of this chapter. Since the details of a process have not yet been
worked out, it is not possible to predict the exact savings from using this new method as
compared to traditional filtration methods. However, the cost of current filters is very
high; a disposable, single use filter that has a throughput of 12-72 L/hr costs over
$15,000.15 Even if the nanoparticles that are used for the viral clearance are used only
once, the cost of consumables should be much lower, with minimal capital cost, as an
HGMS column with similar throughput would only need a cross sectional area of about 5
cm2. In addition to saving significantly over current methods, there is the potential of
using both methods in series for particularly difficult viral clearance applications. Since
the mechanism for filtration and the magnetic nanocluster based method are different, it
is expected that the two operations would have better clearance for different viruses, and
in tandem, the viral clearance would be much better.
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6.2.4 Characteristics of applications where magnetic nanoclusters
create significant value
In this section, the technical advantages of magnetic nanocluster based
separations has been equated to cost savings for the use of this technology in the place of
traditional separation methods. For all the cases studied, magnetic nanoclusters offer the
potential to save significantly on capital expenditures, particularly when high throughputs
are needed. However, certain applications favor magnetic nanocluster based separations
more strongly:
* Low expression levels - When the concentration of the target molecule is low
in the bulk, the driving force for pore diffusion in chromatography is low,
while HGMS based separations are not limited by mass transfer.
* Large target solute - When the target solute is large, pore diffusion within a
chromatography bead becomes strongly limiting, while HGMS based
separations are not affected.
* Small debris must be removed - When there is small colloidal debris that
must be removed by centrifugation prior to chromatography, the costs
increase rapidly. Colloidal debris does not have to be removed prior to
HGMS, making magnetic nanocluster based separations much more attractive.
* Large-scale operations - Both column chromatography and centrifugation do
not scale up well, and in large-scale separations, several pieces of equipment
must be used in parallel. In contrast, the largest HGMS equipment has been
developed for the mineral processing industry and can handle process flows
that are higher than any seen all but the largest fermentation plants. Thus at
large scales, HGMS becomes much cheaper.
* High affinity separations - In all the examples shown in this section, it was
assumed that one cycle of HGMS was sufficient to recover and purify the
target solute. This will only be true if the binding affinity between the
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nanocluster and the solute is high, and the specificity is also high. Thus,
separations where high affinity can be exploited will be more amenable to
magnetic nanocluster based separations.
With these characteristics in mind, the rest of the capstone will examine how a viable
business can be created to exploit the significant value created by this technology.
6.3 Value Capture
Once applications have been found that create value, the next step is to find which
of those applications allow for a significant portion of the value created to be captured as
profit. Sustainable profitability is the central issue of business strategy, and can be
broken into two main components: How well a company executes a good strategy within
its environment, and the structure of the industry in which the company operates. While
company specific strategy is beyond the scope of this chapter, an analysis of
attractiveness of potential industries can be performed without detailed knowledge of
each individual firm's strategy. In this way, the best industries for long term profitability
of a magnetic nanocluster based business can be found.
6.3.1 Porter's five forces
To gain an understanding of the factors that affect industry profitability, several
frameworks have been created. The most common of these is Porter's five forces'6 ,
which is outlined in Figure 6-9. Porter divided the forces that limit industry profitability
into five categories:
Competitive rivalry - The more aggressively the individual companies
within the industry compete with each other, the lower the profitability of the
industry. While this depends to some extent on the individual choices of the
individual players in the industry, there are common forces that lead to intense
competition, such as low differentiation between products (commoditization),
large economies of scale that require significant market share to be
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competitive and high barriers to exit, where non-performing companies have
no choice but to keep competing.
* Supplier bargaining power - When value is created within an industry, the
suppliers of the inputs to the industry will be motivated to raise prices and try
to capture some of the value created. The extent to which they are successful
depends on the bargaining power of the suppliers. As suppliers become less
differentiated, greater in number, and more dependent on the industry players,
their bargaining power goes down.
* Buyer bargaining power - As value is created within an industry, the
customers of the industry will be motivated to negotiate for lower prices,
allowing them to capture some of the value. The buyer's bargaining power is
lowered as more potential buyers are present, their ability to get substitutes or
make the input themselves goes down, their switching costs increase and the
input becomes a smaller part of their overall business, lowering their
motivation to negotiate.
* Substitute products - The more substitutes that are available to replace the
product that the industry creates, the lower their ability to capture value. The
potential for substitutes decreases as the use for the product serves a more
specialized need, and as switching costs increase.
* Threat of new entrants - If an industry is particularly profitable, then there
will be a strong motivation for new companies to enter the industry. The
threat of new entry is reduced when there are significant barriers to entry, such
as high up front capital costs, large minimum efficient scale relative to
industry size (so that a small player cannot be profitable), proprietary
technologies, intellectual property and regulatory barriers.
219
Entry Barriers
·Economies of scale
·Proprietary product differences
·Brand Identity
·Switching costs
·Capital requirements
·Absolute cost
,Propr
,Acce!
*Propri
oGovemment 
·Expected reta
Rivalry Determinants
Industry growth
*Fixed costs/value added
·Intermittent capacity
*Product differences
-Brand identity
Determinants of Supplier P
*Differentiation of inputs
*Switching costs of suDDliers and fi
*Presence of substitute inputs
*Supplier concentration
*Importance of volume to supplier
*Cost relative to total purchases in the industry
-Impact of inputs on cost or differentiation
·Threat of forward integration relative to threat of
backward integration by firms in the industry
substitutes
i
Determinants of Substitute Threat
·Relative price performance of substitutes
·Switching costs
·Buyer propensity to substitute
of Buyer power
on vs. firm concentration
*Buyer volume
*Buyer switching costs relative to firm
*Buyer information
*Ability to backward integrate
*Substitute products
Price sensitivity
*Price/total purchases
*Product differences
*Brand identity
·Impact on quality/performance
·Buyer profits
·Decision makers' incentives
Figure 6-9. Porter's five forces. Each of these forces lead to lowered profitability within
an industry. When value creation is held constant, it is more advantageous to be in an
industry where these forces are all weak. (adapted from Porter17)
6.3.2 Industry analysis - Adsorptive purification of therapeutic
biological molecules
The first potential industry that will be analyzed is the purification of biological
molecules that will be used in therapeutic applications. Here the industry scope will be
limited to adsorptive separations, which are dominated by column chromatography. This
industry is relatively profitable. To give an idea of the value that can be captured in the
industry, one of the major chromatography manufacturers, Amersham Biosciences, was
recently acquired by GE healthcare for $9.5 billion.'18
Competitive rivalry is moderate - While there are several major
chromatography manufacturers, the basis for competition in the industry is
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based on performance differentiation and repeatable quality of product, rather
than price and interchangeability. In a typical new chromatography
application, the end users will screen a wide variety of potential resins, and
will find the one that has the best specificity and affinity in their particular
application. The ligands and attachment chemistries are not exactly the same
from one manufacturer to another, and each purification application has a
unique mix of product and undesired material, and thus each application will
have a better ideal supplier. This differentiation also leads to high switching
costs, since when the chromatography resin has been validated in a process, it
is not certain that a new resin will also work if the resin is changed. Thus
there is little motivation to try to "steal away" business from an existing
application with aggressive price cuts.
Supplier bargaining power is low - Chromatography resins are made from
polymers that are modified by attached ligands. All the inputs that are used
are relatively commoditized, leading to low bargaining power for the
suppliers. Additionally, some chromatography companies are subsidiaries of
large chemical companies (e.g. Tosoh Biosciences) and can source some of
the inputs from their parent companies. Most of the value in a
chromatography resin is added by the manufacturers of the resin when they
make the resin beads and attach ligands the beads, not by the raw materials
used into make the resin. Thus it is easier for the chromatography resin
producers to replace their suppliers than vice versa.
* Buyer bargaining power is moderate - The buyers of chromatography
resins are the biotech and pharmaceutical companies that make the therapeutic
molecules. While this industry is relatively concentrated and could potentially
wield significant bargaining power, the chromatography resin is a minor input
into their process, and the users are more concerned about product quality and
certainty than cost savings. Thus the bargaining power of the users, with
respect to price, is relatively modest.
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* There are few substitutes - When an adsorptive separation is required in the
biotech or pharmaceutical industry, there is little choice but to use column
chromatography. Some applications may be amenable to expanded bed or
aqueous two phase, but these are rare in the processing of therapeutics. 1l
* Barriers to entry are very high - The main reason for the consistent profit
potential of this industry is that it is very difficult for an entrant, particularly
with a new technology, to come into the market. Whenever a new bioprocess
for therapeutics is introduced, it must be validated, and acceptable operating
conditions must be detailed. Since column chromatography is well
understood, this validation can be done fairly easily with existing
chromatography resins. However if a new technology is used, even if it is a
just a small change in the ligand, the validation is a much more difficult and
time-consuming process, since the relevant ranges of operating conditions to
test are not as well known before the validation. Typically the end user will
only try a new technology or even a new chromatography resin if there is a
very strong motivation, and only after much testing and validation.1l , 9
The industry structure and size of the therapeutic protein purification market
appear to make it an attractive industry for long-term growth and profitability, however
the high barriers to entry also make it a difficult industry to enter.
6.3.3 Industry analysis - Viral clearance of recombinant therapeutics
When a therapeutic protein is produced, steps must be taken to inactivate or
remove any potential viruses that may contaminate the product. The most common
method for virus removal is ultrafiltration, with products from companies such as
Millipore. Millipore has a widely diversified mix of products, and it is difficult to
estimate what portion of sales comes from viral clearance. However, only 35% of sales
in 2004 came from the biotechnology industry2 0, and in that area, their main products are
chromatography resins, so it seems that viral clearance only represents a few percent of
the company's sales. Millipore's sales were $883 million, and their market capitalization
was about $2.4 Billion in 20042°, and thus it appears that the total market for viral
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clearance is much smaller than for chromatography, since only a small portion of the $2.4
Billion is from viral clearance, while about half of Amersham's business (and $9.5
Billion valuation) is from chromatography equipment and accessories. Even though this
market is smaller, the industry structure is very attractive.
* Competitive rivalry is low - Since there are relatively few players in the
viral clearance market, and they try to differentiate based on performance
rather than price, there is not strong price competition in the market.
* Supplier bargaining power is low - Just as in the case of chromatography,
most of the materials used in making viral clearance filters are common,
commodity materials that are available from several sources.
* Buyer bargaining power is low - While the customers of viral clearance are
the same as chromatography, their bargaining power is lower in viral
clearance. Since viral clearance is required by the FDA, and there are
relatively few ways to do it, the users need for the filters is great. In addition,
even though the filters are relatively expensive and disposable, they are still a
minor expense compared to the potential loss of income should viral
contamination become a problem in a process.
* There are few substitutes - There are very few ways to remove viral
contamination from a therapeutic product, and it is typical to use several
methods in the same process. Thus any other method tends to be a
complement, rather than a substitute; even if another technology is used, the
virus filter is still likely to be used as the final virus barrier.
* Barriers to entry are very high - Due to regulatory validation concerns, it is
very difficult for a new entrant to come into this industry. However viral
clearance products are the only application examined here where the product
helps get a product within FDA guidelines, rather than simply lowering cost.
Thus the regulatory pressures in the industry may serve as a push to adopt a
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new technology, once it has been validated. However the validation is still a
difficult hurdle.
Viral clearance appears to be a very profitable, if somewhat small industry. The
entry barriers into the industry are very high, making this a difficult target industry to
enter, but a very profitable one after overcoming the barriers to entry.
6.3.4 Industry analysis - Purification of industrial biological molecules
The final potential industry that will be analyzed is the purification of biological
molecules that will be used in industrial applications. Novozymes, one of the major
producers of industrial enzymes reported their production costs at $354 million/year.2'
Since they control about 50% of the worldwide market share in industrial enzymes, and
purification is typically about half of the total production cost22, the total expenditures on
protein purification are expected to be on the order of $300 million/year. Thus this is a
relatively large market, but one in which the industry structure is not as attractive as the
other industries examined in this section.
* Competitive rivalry is moderate to high - In industrial protein purification,
the basis of competition changes from therapeutic applications. Rather than
differentiating based on performance or robustness of separation, the overall
process cost becomes much more important. As a result, there are more
pressures to enter price competition and thus hurt industry profitability.
* Supplier bargaining power is low - Just as in the other examples, the inputs
into industrial protein purification products are typically commoditized and
can be obtained from multiple sources.
* Buyer bargaining power is moderate to high - Since the basis for
competition in industrial protein production is price (the buyer's industry), the
end users are more motivated to bargain for low price. In addition, the end
users are less risk averse and can switch suppliers much more easily than
those in therapeutic applications. Having more choices allows the users to
have more bargaining power.
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* There are many substitutes - Unlike therapeutic separations, where only
well known and extremely robust separation methods are used, industrial
protein separations can be performed with a much wider variety of unit
operations. Simple, bulk separations such as extraction and precipitation are
much more common in industrial protein separations than in therapeutics.
* Barriers to entry are moderate - Since users are much less risk averse and
are more willing to try promising new technologies, the barriers to entry in the
industry are much lower than in therapeutic separations. In addition, the
switching costs are much lower, since new processes do not have to be
validated with the same stringency as for a therapeutic protein production
process.
Industrial protein separations do not appear to be as attractive as therapeutic
separations for long-term profitability. However, the barriers to entry are much lower,
and cost and scalability, which are major advantages of the nanocluster technology, are
much more important to building a competitive advantage. Thus this industry may not
offer nearly as high a level of sustainable profit, it is much easier to enter.
6.3.5 Conclusion - the best industries are also the hardest to enter
In this section, the expected value capture for several different industries has been
analyzed. It appears that therapeutic protein separations and viral clearance are very
attractive industries, while industrial protein separations are not as attractive. However
the attractive industries that make promising markets for the technology to eventually
commercialize, they are very difficult to enter, and thus do not make a good first market.
In the next section, some common innovation theories will be used to predict the initial
strategy for commercialization of the technology.
6.4 Innovation theory and initial commercialization strategy
In the previous sections, the applications that result in the greatest value creation
and value capture have been outlined. However the applications that have the highest
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potential value capture also have very high barriers to entry, and thus make a poor choice
for an initial market. In this section, some common theories for innovation have been
used to create a framework to predict the best initial form of a business when an
innovation is created outside of a mainstream company. This framework has been used
to predict what the initial commercialization strategy should be for magnetic
nanoclusters.
6.4.1 Overview of innovation theories - The technology S-curve and
radical vs. incremental innovation
One of the most common models to describe technological innovation is the "S-
curve".23 An S-curve describes the performance of a new technology as effort is put into
its development, as is shown in Figure 6-10a. Initially, in what is known as the ferment
stage, significant effort is required for even modest gains in performance, since most
effort goes into understanding the underlying basis of the technology. During this phase,
the improvement in the technology is often modeled as an exponential growth, because
the gain at any point is proportional to the cumulative knowledge about the technology.
Once sufficient effort has been put into the technology, the phase known as takeoff
occurs. During this phase, the understanding obtained in the ferment phase can be
exploited as rapid improvement in the technology. After a certain period of rapid
improvement, the fundamental limits of a technology are met, and the plateau phase is
entered. During this phase, more effort results in rapidly decreasing improvement in a
technology. It is at this point that new technologies must be sought out for further
improvement in performance.
It is from this typical behavior of a technology that the concepts of incremental
and radical innovation arise, as shown in Figure 6-10b. Incremental innovation refers to
the small innovations that occur as a technology is developed, and the technology moves
along an existing S-curve. The jump from one S-curve to another is known as a radical
innovation, since a whole new technology is needed for it to occur. It is important to note
that the concept of radical innovation, as used in this capstone, refers to a purely
technological discontinuity. Often market discontinuities are referred to as radical
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innovations, but in this work, market discontinuities are covered by the concept of
disruptive innovations, which are covered in the next section.
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Figure 6-10a). Characteristics of a typical S-curve. Early in the technological
development, little improvement occurs, since most effort goes into basic understanding
of a new technology. Once the technology is understood, rapid improvement occurs with
little effort as the basic understanding is exploited. Finally the natural limits of a
technology are encountered and only limited further improvement is seen.
b) Radical and incremental innovation. Incremental innovation refers to the
improvement of performance with the same basic technology. Radical innovation is
when an entirely new technology is introduced.
The impact of incremental and radical innovations on incumbent companies has
been studied in detail.24 It has been found that incumbents are very good at exploiting
incremental innovations, but their success in exploiting radical innovations is much more
mixed. One of the difficulties for an incumbent company in commercializing a radical
technology is that, at least initially, radical innovations are inferior to existing
technology. Thus without sufficient foresight, it does not appear to make sense to pursue
a radical innovation. However, the main reason for failure of an incumbent when faced
with a radical innovation is that when a new technology is introduced, they lose their
existing advantages over entrants. The extent that the incumbent owns the
complementary assets that are required to commercialize the technology is strongly
correlated with incumbent success.2 4 However, many incumbents with sufficient
foresight and motivation have been quite successful in commercializing radical
innovations , even when they do not own these complementary assets. While radical
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innovations explain part of the relative success of incumbents and entrants, another
theory is needed to differentiate the success and motivation of incumbents.
6.4.2 Overview of innovation theories - Disruptive innovation and
asymmetric motivation
While radical and incremental innovations are characterized by the nature of the
technological change involved, they do not tell us about the motivation of the market
players in pursuing them. The concept of a disruptive innovation, however, provides an
understanding of the motivation of the incumbents2 6 , which is a vital concern when
commercializing an innovation. A disruptive innovation is one that is worse in the
attribute that mainstream customers care most about, but is better than current technology
in other aspects.
The theory of disruptive innovations initially arose in the disk drive industry,
where with each generation of smaller disk drives, the incumbents failed to
commercialize the innovation and were subsequently defeated by entrants. This was an
interesting observation, since the companies that had the foresight to utilize the
innovation of smaller disk drives as entrants systematically failed to utilize it on the next
wave, even when the innovation arose within their own organization. More puzzling
was the fact that these companies were actually quite good at pursuing radical
innovations when it made their products better for their best customers, but since their
best customers didn't want smaller disk drives, they didn't adopt the new innovation until
it was too late.
This phenomenon of neglecting innovations that are worse in the attribute that
their best customers care the most about, even if far superior in other attributes, has been
observed in many other industries as well. Examples include transistors, where
incumbents continued to pursue vacuum tubes, and steel minimills, where incumbents
continued to pursue more expensive integrated mills.27 The cause of the failure of
incumbent firms failing to pursue such innovations rests on two major premises.
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* Good companies will always pursue innovations that their best customers
desire rather than disruptive innovations that will never be as good in the
attribute that customers desire most. While that seems obvious, the problem is
that the basis of competition changes because:
* Customer demands tend to develop more slowly than a technology can
develop. Thus, eventually all products on the market become "good enough"
on the attribute customers care most about, and the basis of competition
changes. At this point, disruptive innovations that are better in these other
attributes can take over the market, and the entrant firms that pursued them
will win the market.
An important distinction between radical innovations and disruptive innovations
is that while radical innovations are those where the basis of the technology is the
distinguishing characteristic, disruptive innovations are those where the motivation of the
incumbents is the distinguishing characteristic.
The implication for commercialization of a new innovation is that when trying to
predict the motivation of the incumbent firms, we know that they will not be motivated to
pursue the disruption, or if they do, they will try to make it fit in their current market
rather than find the appropriate market. It is important to note that unlike the reluctance
to commercialize a radical innovation, which depends greatly on the foresight of the
incumbent, it is almost always in the incumbent's best interest not to pursue the
disruptive innovation. Pursuing the disruptive innovation will take resources away from
pursuing sustaining innovations, which will provide much more certain and larger
payoffs. This high payoff of sustaining innovation is because their best customers are
demanding products that are better in the attributes they care about, and pursuing
sustaining innovations will create a competitive advantage for the incumbent in their
current market. Disruptive innovations are inherently uncertain, and will typically have
much lower and riskier payoffs than sustaining innovations. Thus, even a well run and
forward looking company will not properly commercialize a disruptive innovation, at
least within the mainstream of the organization. However, an entrant does not have an
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existing market to defend, and has little chance of taking the market of an incumbent firm
with anything but the most radical of sustaining innovations, and even in those
circumstances will face fierce retaliation from the incumbent. Thus the entrant has
asymmetric motivation as compared to the incumbent, and when both pursue their best
interest, the incumbent will not pursue the disruptive innovation while the entrant will. In
the case where the incumbent company does not have such foresight, the result is the
same. Due to risk aversion, the incumbent will still not pursue the innovation. The key
finding is that regardless of the risk aversion of the incumbent, the incumbent will not be
motivated to pursue a disruptive innovation.
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Figure 6-11. Disruptive innovation theory. A disruptive innovation is one that is worse
in the attribute customers care most about but better in other attributes. However
technology typically develops faster than customer's needs, thus the disruptive
innovation becomes good enough in the area customers care most about, and is superior
in other ways. Disruption can occur at the low end of an existing market, or in a new
market that is enabled by the new capabilities of the technology. (adapted from
Christensen 28 )
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The example of steel minimills26 illustrates the differences in choices the entrant
and incumbent are faced with, and the resulting asymmetric motivation. Building an
integrated steel mill costs approximately $6 Billion, while a steel mini mill costs "only"
$400 Million. However, the integrated steel mill's product is of much higher quality, and
initially was the only possibility for most applications of steel such as sheets and
structural steel. A minimill can produce steel at 20% lower cost than the products from
an integrated steel mill, but with lower quality. In 1987, there was an increase in demand
for steel, and USX, a major incumbent was faced with a choice: build a $250 million
upgrade in their existing mills, or build a mini mill for $400 million. The upgrade would
allow steel to be sold for a 28% margin, while the minimill steel could be sold at a 27%
margin (the market for the poorer quality steel typically had margins of 7%, plus the 20%
cost savings). From the incumbent's standpoint, they could make more money for a
lower investment with the add-on, and since they knew the technology well, the risk was
also lower. For several entrants, such as Nucor, the choice was much different. They
didn't already have an integrated mill, so they would have to spend $6 Billion for an
integrated mill, or $400 million for a new minimill. Not surprisingly, they chose the
minimill. Thus both entrant and incumbent worked in their own best interest. However
as minimill steel quality improved, the entrants were able to take over the market, and
Nucor now has the largest market capitalization of any US steel maker. The quality of
integrated mill steel is still to this day better than minimill steel, but once the quality was
"good enough" the lower cost took over the market.
As a result, when faced with the commercialization of an innovation, it is
important to note whether it is disruptive to the incumbents or not. If it is, it greatly
improves the chances of starting and building a company, as only 6% of sustaining
innovations succeed as startups, while 37% of disruptive innovations do.26 The downside
is that if the technology is developed outside a mainstream organization, as they are in a
university lab, the chances of finding good licensing opportunities is also hindered.
Combining disruptive innovation theory, which provides insights into incumbent
motivation, and the ownership of complementary assets, which provides insights into the
incumbent's skills, allows for a good starting point in finding the initial strategy for
commercialization of a new innovation, as will be outlined in the following section. It
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should be noted that this framework is a quick way to predict the motivation and skills of
incumbent firms without other knowledge, but does not take the place of proper due
diligence to get a better idea of the incumbent's position. It does, however provide a
good starting hypothesis for further analysis.
6.4.3 A framework for predicting the initial business strategy for
commercialization of an innovation
With the innovation theories outlined above, I propose the following framework
for predicting the initial strategy for commercialization. The type of innovation provides
an estimate on the motivation of the incumbents to pursue the innovation, while the
holding of complementary assets provides an estimate of the skills of the incumbent, and
their attractiveness for partnership. Examples of each type of innovation are shown in
Figure 6-12, with the exception of incremental innovation where the incumbent doesn't
control these complementary assets. Since incremental innovations, by definition, build
on existing capabilities, it isn't possible that the incumbent does not have some control
over the complementary assets. Incremental innovations are normally pursued quite well
by incumbents, and there is essentially no chance of defeating an incumbent with an
incremental innovation. Thus if an incremental innovation is developed, there is little
choice but to sell the innovation to an incumbent. Additionally, in academic research,
incremental innovations are not nearly as interesting scientifically as radical or disruptive
innovations, and thus are not often pursued. In the rest of this section, the first row of the
figure will be omitted and only radical and disruptive innovations will be considered.
232
Incumbent control of complimentary assets
Tight Control Weak control
Incremental
0
._
(:
0o
= Radical
4o0
0.
Disruptive
*Improved attachment
chemistry for
chromatography ligand
*Disk drive coating
*Combinatorial chemistry
*Steel minimills
*Smaller disk drives
-Angioplasty
*Recombinant protein
therapeutics
*Light bulb
Jet aircraft
*Telephone
*Personal computer
*Photocopiers
Figure 6-12. Examples of different types of innovations. Some innovations fit well
within the complementary assets of an incumbent company, and can thus be exploited
well by them, while others use different complimentary assets and put new entrants on an
even playing field with incumbents.
6.4.3.1 Value expected from licensing or selling the innovation
The first question to be answered when considering the commercialization of a
new innovation is whether there is an attractive buyer or licensee. Particularly when an
innovation is developed in an academic lab, licensing is an attractive option, since all the
complementary assets do not have to be developed or purchased. However, it is
important to note the motivation of the potential buyer or licensee before pursuing an
agreement. If the incumbent is not strongly motivated to pursue an innovation, then the
value that can be expected from selling or licensing the innovation is low, even if they
express interest and bring valuable skills to the agreement. Even if an incumbent tries to
commercialize a disruptive innovation, the typical response is to invest heavily in
development to "cram" the innovation into one of their existing markets, which is nearly
always a failure. Examples of cramming by incumbent firms are transistors, which were
initially tried in applications where vacuum tubes were used, and the handheld computer,
where the Apple Newton was an attempt to put all the functionality of a computer into a
handheld. In both, it took an entrant to commercialize the successful initial, lower end
application: handheld radios by Sony in the case of transistors, and the Palm in the case
of handhelds.2 7
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In Figure 6-13, the expected value to be gained from a partnership is shown. As
the skills needed to commercialize the innovation become further away from those of the
incumbent (asymmetric skills), and as the motivation to pursue the innovation goes down
(asymmetric motivation) the value of the partnership goes down.
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Figure 6-13. Value to be expected from licensing or selling the innovation to an
incumbent. As the complementary assets become weaker, the innovation has less value
to the incumbent, although they may still value the innovation enough to add the
complementary assets. As the innovation becomes more disruptive, the incumbents value
it less, since their best customers do not want it.
6.4.3.2 Chances of succeeding as a new entrant
The next question is, should the innovator choose to commercialize the innovation
without the assistance of the incumbent, what are the chances of success? Once again the
asymmetric skills and motivation of the incumbents play a strong role. When the
incumbent has strong skills and is strongly motivated to pursue the innovation, they will
most likely win a head to head battle. When they are motivated, but do not have the
skills, as in quadrant II, either the incumbent or the entrant can win, since the motivation
of the incumbent will tend to make them want to gain the necessary skills, while the
entrant already has those skills, thus making the commercialization a race to get a
complete product. When the incumbent isn't motivated, even if they have the skills to
win a head to head battle, there is a strong likelihood of entrant success, since the
incumbent will more than likely avoid a head to head battle. If the incumbent isn't
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motivated and doesn't have the skills to compete, the chances of an entrant's success are
high.
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Figure 6-14. Probability of a new entrant being able to succeed without partnering with
the incumbent. As the complementary assets become weaker for the incumbent, fewer of
their skills are applicable to the new innovation, while as the innovation becomes more
disruptive, the incumbents become less motivated to pursue it. Both effects lead to
increasing odds that an entrant can succeed in commercializing the new innovation.
6.4.3.3 Initial business strategy
Combining the results of the previous sections, we come to the first strategic
choice that must be made in commercialization of an innovation: should you sell to an
incumbent or start a new company? Based on the innovation theories, we can predict
whether significant value can be gained by selling to an incumbent, and also if a startup
will be likely to succeed in a head to head battle with the incumbent.
If the incumbent is likely to have motivation to pursue the innovation, and has the
complementary assets to do so, as in quadrant I, then it makes sense to sell or license the
innovation. The other option is to start a company with the goal of being acquired by a
large incumbent at a later date, and effectively doing contract research for that
incumbent. This is the business model of many small biotech startups: they do not have
the complementary assets required to actually get a new drug through clinical trials and to
later manufacture it, but rather are developing a pipeline of potential drug candidates that
can be sold to a large incumbent that can then develop the drug. A certain way to fail in
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quadrant I is to try to go head to head with the incumbents, since their motivation to
pursue the innovation will make them take notice, and their control of the complementary
assets will allow them to win.
If the incumbent is motivated to pursue the innovation, but does not have any of
the required complementary skills (as in quadrant II) then the initial strategy changes. In
this case, selling the innovation is a viable alternative, but not one that will gain the full
value of the innovation. In this quadrant, the chances of success are much greater than in
quadrant I, and the value of a startup company that owns the new innovation and can
develop the complementary skills is very high. An example of such an innovation would
be the light bulb as a replacement for gas lamps. In such cases, although the incumbents
are highly motivated to pursue the innovation, they do not have the skills to do so. The
incumbent will likely try to gain the complementary assets, but due to the inertia of a
large company and the need to defend their old markets, it is not likely that they can do it
as quickly as a well-funded startup.
A good strategy in quadrant II is to build a company, but keep an eye open for
good acquirers. Since the innovation is likely to succeed without the help of an
incumbent, a startup should only look to sell to them if they are given a very high price.
In this way, the startup can take advantage of the very strong motivation of the
incumbents to pursue the innovation. This is the path that has been taken by some of the
larger biotech companies. They build a successful pipeline and get some products
through clinical trials, then sell to a large pharma company for a very high price.
When the innovation is disruptive, as in quadrants III and IV, incumbents are not
likely to value the innovation sufficiently for a licensing or selling agreement to work.
However, this asymmetry of motivation also greatly enhances the chances of long-term
success without the incumbent's help. Thus in these areas, either a new company must
be started, or the technology must be sold to someone outside the market that is
motivated to enter it.
In quadrant III, the complementary assets of the incumbent could help the
commercialization of the innovation dramatically. However, the innovation does not
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serve the needs of the incumbent's best customers, and they are not likely to be
interested. Thus the best route is to start a company selling at the low end of the current
market, and work heavily on the technology to improve so that the new technology can
be used in the current market. At this point, the complementary assets of the incumbent
will still be valuable, and the entrant will have developed their own set of skills. At this
point, the business is much like one started in quadrant II, and can either continue on as a
stand alone company, or can be acquired, if the price is right.
When in quadrant IV, the incumbent is now essentially of no concern, since they
do not have the complementary skills needed for commercialization, and they also will
not be motivated to pursue the new markets created by the innovation. In this case, a new
company can be started, and if the value creation and value capture are great enough it
will have a high chance of success. The one caveat is that when a new market is created,
flexibility and patience are of paramount importance, since new markets take time to
develop. In the next section, the choice of this initial market will be examined.
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Figure 6-15. Initial business models for owners of a new innovation. As the probability
to beat an incumbent goes up, and the value of selling to them goes down, it becomes
more attractive to start a stand-alone company (as in quadrant IV). When selling or
licensing becomes more attractive, and the startup has less chance of winning, then the
innovator should look to sell (as in quadrant I).
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6.4.3.4 Choosing the initial market
Finding and exploiting the right initial market is the next key strategic decision.
If the innovation not disruptive, then it is better in the aspects that current customers care
most about, and the best market is likely to be the current market. The advantage of this
choice is two fold. First, an existing market is easy to analyze and to gain significant
understanding quickly, allowing for fast growth. Second, if the goal is to sell to an
incumbent, the best way to improve the value of a new firm to an incumbent is to take
sales away from them. The downside is that the incumbent may be a fierce competitor,
and the long-term chances of success without selling to the incumbent firm are mixed.
However, if the innovation does truly fit best within a current market, then that is the best
choice for a market.
In both quadrant III and IV, new markets must be developed, and the choice of
the right market is extremely important. The temptation of fitting the innovation in a
current market for fast success must be avoided, since a disruptive innovation is
characterized by poorer performance in the characteristic that customers care most about.
An attempt to enter the current market will convert the innovation from a player in
quadrant III or IV to a poor player in quadrant I or II, and will lead to almost certain
failure. The key is to find a market that does not care about the aspect in which the
innovation is inferior to current products, but does value the attributes in which it is
better.
The discipline of finding and building small markets is an area that incumbent
firms and even non-incumbent large firms typically do not do well. For a large firm, it
does not make sense to spend a great deal of effort developing a small market when they
can spend the same effort expanding or defending their much larger markets. As a result,
the tendency of larger firms is to cram the innovation in existing large markets that are
large enough to interest the large company. Thus it is recommended to "match the size of
the organization to the size of the market".2 7 If the true market for a disruptive
innovation is going to be found, it should be commercialized by either a startup that can
survive and make money in a small market, or should be commercialized by a spin off
organization of a larger organization that is not tasked with defending current markets
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and can focus on building small new markets. If started as a spin-off, as the market
grows and becomes interesting for larger companies, then the spin off can be brought
back within the main organization if the complementary skills of the incumbent are
strong enough, or form the basis of a new business unit if complementary skills of the
main organization do not add to the innovation.
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Figure 6-16. Initial markets for new innovations. Radical innovations that are not
disruptive should seek out the same markets that the incumbent is exploiting, while
disruptive innovations should either seek out the low-end customers or non-consumers.
6.4.3.5 Choosing the initial method of financing
The choice of an initial market has a strong influence on how the new venture
should be funded. While there are many types of funding, for the sake of space and
simplicity, I will discuss two extreme cases:
* Top tier venture capital firms - These firms have access to large amounts of
capital and knowledge about existing markets, and can thus help a company
grow very quickly. However, they work on a fairly short time horizon for
return on their capital (typically 3 years), and can thus be impatient for
growth, and may only be interested in large markets.
* "Bootstrap" funding - Bootstrapping is where the company pulls together
small amounts of money from various sources and starts a small, lean
company. Due to low capital investment, the firm cannot grow rapidly.
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However the firm can take time to develop new markets and survive for quite
a long time on small markets, assuming they can create a positive cash flow
quickly.
It should be noted that these are broad generalizations of the types of financing available,
and some VC firms are quite patient in developing new technology. These
characterizations are used to provide two extremes of possible options to illustrate the
difference choices for different innovations.
When attacking an existing market the main advantage is that growth can occur
quickly with sufficient resources. Additionally, if the incumbent is going to respond it is
crucial that the company does in fact grow rapidly. Thus innovations from quadrants I
and II are prime candidates for venture capital funding. The access to high levels of
capital allows for fast growth, and the presence of an existing, large market fulfills the
venture capital firm's requirements for rapid payoff. In quadrant I, it is also possible to
get funding from the incumbent, and work as a contract research organization, where the
innovation is developed with the understanding that commercialization will occur with
the incumbent.
When the innovation is disruptive, and is best suited for small or not yet existent
markets, the choice of funding changes. Small, new markets do not fulfill the needs for
quick payoff for a venture capital firm, and there is the temptation to attack a larger
market for which the innovation is not well suited. Additionally, large sums of money
make a company less focused on quickly developing new markets, and more patient for
the innovation to become good enough for the main market. To properly develop a new
market, it is essential that the company gain rapid feedback from the market to find
applications that the technology best suits. The company will be more likely to respond
to market signal if it does not have a large reserve of cash. A good example of how
limited funds can lead to better market responsiveness is the entry of Honda into the U.S.
motorcycle market.26 29 When Honda entered the market, even though they were
successful in making small delivery motorcycles for the Japanese market, they thought
that they would be successful selling larger motorcycles that would compete directly with
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the current U.S. motorcycle makers such as Harley Davidson. The Japanese government
was skeptical that they could succeed and limited the amount of currency they could take
to $140,000 in inventory and $110,000 in cash. When in the U.S., they failed at selling
the larger motorcycles, but received significant interest in the small bikes they brought
over for their own use. Since they were short of cash, they started selling the smaller
delivery bikes in sporting goods stores, and found a new and very successful market, and
are now the industry leaders in the U.S. market. They credited a large part of their
success to the fact that they didn't have enough money to wait for success in the larger
motorcycles, and had to try selling the smaller motorcycles to survive. Thus it is
recommended that the source of funding be "patient for growth but impatient for
profit".2 7 This funding could be "bootstrap" funding, or funding from an outsider
company, or even particularly patient venture capital firms.
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Figure 6-17. Initial funding strategies. Since radical sustaining innovations target
existing markets, and must grow quickly to compete with incumbents, high levels of
funding from venture capital should be sought out. When a disruptive innovation is
commercialized, markets will develop too slowly for traditional venture capital to achieve
fast payout, and other forms of funding should be sought out.
6.4.4 What the framework means for magnetic nanocluster
commercialization
Based on the broad framework developed above, the initial commercialization
strategy for the magnetic nanoclusters created in this thesis will be outlined. First the
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innovation needs to be characterized, and then the results from the framework will be
detailed for this specific application.
6.4.4.1 What type of innovation is a magnetic nanocluster, and how strong are
the incumbent's complementary assets?
When deciding whether an innovation is disruptive or radical, the major question
to be answered is "does this innovation have the potential to be better than current
technology in the aspect that the best customers of the incumbent care most about?" To
answer this question, I conducted in depth interviews with the Brian Kelley, who heads
the separation process development group at Wyeth Biopharma, and Kent Goklen, who is
the head of bio-purification development and bioprocess R&D at Merck, and asked them
about how they evaluate new technologies and what aspects of performance are the most
important for them in a purification process for a therapeutic proteins.
Both said that by far the most important aspect for them is the certainty that the
final product will be safe and within FDA guidelines. Issues of cost, scalability and
process integration were important, but much less so than robustness and process
certainty. This leads to the next question: are magnetic nanoclusters ever going to be
more predictable and certain than column chromatography? Due to the complexities of
operation, magnetic nanoclusters will not be as robust as column chromatography, even
with significant development. While magnetic nanoclusters are better than traditional
chromatography beads in many ways, the nanocluster-based process has many more
variables that affect operation, such colloidal stability and magnetic separation. Column
chromatography, on the other hand, is very well understood and can be modeled
relatively easily, and issues of colloidal stability and particle capture will never be issues
in column chromatography. On the other hand, all important issues in column
chromatography will be issues for magnetic nanocluster based separations, with the
exception of mass transfer limitations. Thus, magnetic nanocluster based separations will
always be affected by more variables than traditional methods, and will be less robust.
Thus this innovation is disruptive to column chromatography for therapeutic protein
purification placing it either in quadrant III or IV.
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The next question to be answered is: "Do the incumbent firms own most of the
complementary assets needed to commercialize the innovation?" This question is more
difficult to answer, since many of the required assets have to do with magnetic
separations and developing good colloidal properties, both of which the chromatography
companies do not have any expertise in. However, the chromatography companies own
much of the required ligand chemistry expertise, as well as the expertise in validating a
new bioprocess. Although the choice could go either way, the evidence seems to lean
towards strong ownership of the complementary assets by the incumbent chromatography
companies. Thus, I will evaluate the strategy assuming that the innovation is in
quadrant III, if the commercialization path is for adsorptive separations of biological
molecules. However, if applications are sought out that do not require the
complementary assets of the chromatography companies, then the innovation would shift
to quadrant IV, and would become a much more attractive as a start up. However, since
these applications are not yet known, any analysis would be conjecture at this point.
6.4.4.2 What should the initial commercialization strategy be?
The commercialization strategy for an innovation in quadrant III has been
outlined above. In this section, some more specific details will be added, but the basic
strategy will be the same as what is predicted by the framework.
* Licensing or selling to incumbent firms is not likely to bring significant
value. Even if chromatography companies express interest in the technology,
they are likely to be motivated to "cram" the innovation in their current
markets, and the innovation is not yet ready for mainstream markets. Thus
little value can be gained from selling or licensing the innovation to an
incumbent in the therapeutic purification market.
* An entrant based on this technology has a good chance of success in a
head to head battle with the incumbent. Since the initial market for the
innovation is outside the mainstream of the incumbent, and the innovation is
not a threat to be "good enough" in the attributes that customers care most
about (robustness and certainty) in the near future, a head to head battle will
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not likely happen and the entering company should be able to win the early
markets.
* The initial strategy should be to start a new enterprise with either a new
company or a spin off from an outsider company. Since the incumbent is
not likely to offer much for the innovation, and is not likely to respond to
entry, the best strategy is to start a new enterprise, either as a new stand-alone
company or as a small segment started within in a large company outside the
current market. An example of an outsider is an end user on the lower end of
the current market, such as a company that makes industrial proteins.
* The initial market should be the lower end market of the current market.
While there is potential for this to be an innovation in quadrant IV, where new
market can be found, this will take time. The best choice of an initial market
is the lower end of the current market. Examples include producers of
industrial proteins, or companies in the food processing industry that have
waste biomass streams in which valuable proteins may be recovered, but
where processes are only viable at much lower costs than can be obtained with
column chromatography.
* The initial funding source should be patient for growth, but impatient for
profit. Since the initial applications will take time to develop, the funding
source must be patient for payback. However, the best applications are ones
where the technology is ready now, not where it will be ready for longer term
applications, since the best development is done on a real process. Thus the
funding source should look for applications with a positive cash flow as soon
as possible.
Based on the results of this section, the characteristics of the initial
commercialization strategy for the magnetic nanoclusters have been outlined. However,
in the section on value capture, this initial industry was seen as the least attractive in the
long term, and the current markets of the incumbents was seen as the most attractive.
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The last major question, to be answered in the following section, is how to move from an
initial market to a final, mainstream market.
6.5 Market strategy - moving from entry to mainstream
In the section on value capture, it was found that the best final market for the
magnetic nanoclusters is therapeutic protein purification, but due to high barriers of entry,
it is not an ideal early market. However in the previous section, the best initial market
appears to be industrial protein separations, however due to lower value capture, it is not
an ideal final market. The question remains, how does a company best move from an
initial market to a mainstream market where long-term profitability can be expected?
6.5.1 Crossing the chasm from the initial market to the mainstream
This consideration is common when a discontinuous innovation is introduced.
When a new, discontinuous innovation is introduced, the adoption rate resembles a bell
curve, as shown in Figure 6-18. In the early market, adoption is slow, as new markets are
found. Then as the mainstream market is entered, the growth is rapid. Finally as the
market is saturated, the growth slows. However, there are significant breaks in the curve,
where growth can come to an abrupt halt. The most important of these is what is referred
to as 'the chasm"30 , where the initial market has been saturated and the mainstream has
not yet been entered. The reason for this gap is threefold:
The needs of the initial market visionaries and the mainstream
pragmatists are not the same. While visionaries are looking to a new
technology as a way to change the basis of competition in their industry with a
radical change, mainstream customers are typically looking for a way to do
what they are currently doing better. Thus visionaries are much more
receptive to "co-developing" a product and using it before it is really ready, if
it gives them a jump on the competition. Mainstream customers will not
accept such a disruption, and need to have a very well developed, complete
product.
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* Mainstream customers need to buy from a market leader, after a
dominant design has been established and need references before a
purchase. Since mainstream customers are not ready to accept a disruptive
change to the way they do business, they only want to make a change to a new
technology once. Thus they must be sure that the company that they buy from
will stay in business, and their product will be the industry standard. Since
most new innovations go through an initial "fluid" phase where the dominant
design isn't clear, followed by the survival of a dominant design2 4 ,
mainstream customers will wait until a clear leader emerges. One of the ways
they do this is to get references from others who have bought the technology.
In this way they can be more certain that the technology they buy will work
and will not need to be replaced.
* The initial market customers do not make good references for
mainstream customers. The big problem that arises is that the references
that the mainstream pragmatists seek must be from within their own industry
to be credible, and must also be from others that share their view of
technology. Thus the initial market customers that are in different businesses
and will accept more disruption, are not good references for the mainstream
customers. Even strong market leadership in the initial market does not
typically transfer well to the mainstream market.
Because of these forces, the jump from the early market to the mainstream is very
difficult and has caused the downfall of many startup companies. In order to "cross the
chasm", a very clear deliberate strategy is needed, since the entry will be very difficult
and the company will have scarce resources to support growth while the transition is
attempted.
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Figure 6-18. Adoption rate of a new technology vs. time. Initially, lead users and
visionaries will make a sufficient market to build the new technology. However the
mainstream market has very different needs, and "the chasm" to mainstream markets
must be crossed. The way to cross the chasm is to target a narrow niche in the
mainstream that has a very strong need. After part of the mainstream adopts the
technology, other mainstream markets will follow. (adapted from Moore31)
A strategy that has been found to be successful for many start up companies is to
find a small, niche market within the mainstream where market leadership can be gained
quickly. This market is then used as a starting point for entry into the rest of the
mainstream. This niche market should have the following characteristics:
* The market should be small enough that it is possible to gain a significant
market share quickly. Since mainstream users are much more likely to buy
from the market leader, it is essential that the niche market be small enough
that a market leadership position can be established relatively quickly. This
consideration is very important, since it is often thought that the largest
possible market should be attacked. While such a market is a good final
market, it is too difficult to break into initially.
* The need that is filled by the technology in the niche should be compelling
enough that mainstream users in the niche are willing to take a risk in
adopting the technology. Mainstream users prefer to use conventional
technology when possible, and do not enjoy buying from a startup that does
not have a strong industry presence. To overcome this reluctance, the need
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that the technology fulfills has to be compelling. Thus an incremental, small
improvement will not be sufficient. The best case is when the technology
enables something that the customers have always wanted to do, but have
never had a way to do so.
Users in other mainstream markets will consider users in the niche
market to be good references. Since the niche market is not the final goal,
and is only a foothold in the mainstream market, it is essential that the rest of
the mainstream users consider the niche market users as good references for
them to make their own purchases. Thus this entry market serves as a starting
point for commercialization of the entire mainstream market.
In the following section, several possible applications in the mainstream market
for the magnetic nanoclusters will be examined, and possible niches for this chasm
crossing will be outlined.
6.5.2 Niche market possibilities for magnetic nanoclusters
As was outlined in the value capture section, the mainstream market application is
purification of therapeutic biological molecules. Potential specific applications that will
be analyzed are protein purification, viral clearance, vaccine purification and plasmid
DINA recovery. Here the attractiveness of each application in the attributes indicated in
the previous section will be analyzed.
* The market should be small enough that it is possible to gain a significant
market share quickly. Of the applications shown above, all are relatively
small, with the exception of protein purification, and possibly vaccine
purification. Viral clearance and plasmid DNA recovery are small enough to
be tractable targets.
* The need that is filled by the technology in the niche should be compelling
enough that mainstream users in the niche are willing to take a risk in
adopting the technology. As was analyzed in the value creation section,
separations where large dilute solutes are targeted can be made much less
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expensive with this technology. However, the customer interviews indicated
that cost savings alone are not enough to push a new innovation into the
mainstream. 1 The need for another motivating factor besides cost is where the
potential of viral clearance as the niche market becomes particularly
interesting, since the main barrier to entry is the difficulty in validating a new
process for the FDA. However, viral clearance is the only application where
the FDA may be an ally, since improved viral clearance can help get within
regulatory guidelines. As a result, if the capability for viral clearance is
proven, a very strong need can be filled: the need to stay comfortably within
FDA guidelines.
Users in other mainstream markets will consider users in the niche
market to be good references. Since all the applications that have been
outlined in this section are within the general area of therapeutic protein
purification, and the downstream processing group of the major biopharma
companies will have knowledge of both viral clearance and product
purification, winning a sufficient market share in viral clearance will lead to
good credibility within the other markets.
As a result of this analysis, it appears that the best market to jump from the initial
market into the mainstream is viral clearance in bio-therapeutics. In this way the strong
presence of regulatory bodies can be used as an asset in entry into the mainstream, rather
than a hindrance.
6.5.3 Market conclusion - Initial, niche and final markets
At this point, we finally have a broad strategy for the order of markets to enter in
the quest of commercializing magnetic nanoclusters. It should be noted that this choice
of markets is what appears to be the best now, but could change dramatically as
development continues. Thus it is important to note the theoretical underpinnings of the
choices so that the appropriate choices can be made when the time for them arrives. The
first market that should be entered is either the low end of current protein separations, or
new applications that are enabled by the lower cost and better mass transfer with
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magnetic nanoclusters. This market has been chosen because it allows the technology to
be developed in the least demanding market, and also avoids a competitive response from
the incumbent chromatography companies, since it is a market that they do not want.
The next, niche market that is to be entered as a prelude to entry into the rest of the
mainstream appears to be viral clearance. This market has a very strong need, and has
the unique attribute that the regulatory bodies may serve an ally rather than a barrier. The
final market that should be commercialized is the mainstream purification of therapeutic
biological molecules, as a replacement for column chromatography. This market is large
and attractive enough to form the basis for sustainable profitability for an established
company.
6.6 Initial Steps
In the previous sections, a path to commercialization has been outlined.
However, before any of the recommended actions can be taken, there is still research and
development that needs to be done. While many of the basic, underlying principles have
already been discovered in this thesis project, and the models developed should allow
much development to be done very quickly, there still are several very important tasks
that must be done.
6.6.1 Research
Several technological advances would be very useful to improve the prospects of
commercializing this research. This research could be performed either by further
academic research, or could be done by whomever decides to start commercialization.
The most pressing research tasks that still need to be done are:
Development of nanoclusters that can easily be derivatized for affinity
based separations. In the value added section, I assumed that one
equilibrium stage would be sufficient for good recovery of a target molecule.
This will only be true if the affinity of the target molecule for the nanocluster
is high enough. In most applications, this will not be the case unless some
type of affinity ligand is used. Since there is already a rich body of
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knowledge on derivatizing chromatography beads with a wide range of
ligands, the first step should be making nanoclusters that can use the same
basic attachment chemistry as is currently used. There are two ways to do
this: A coating could be made of a low molecular weight version of the same
basic polymer as chromatography beads are made of (polysaccharides) after
adding carboxylic acid groups to allow attachment of the polymer to the
nanoclusters. Alternatively, the brush PEO-PAA polymer used in this thesis,
but with OH groups on the PEO terminal end, can be used. The PEO based
nanoclusters could be developed more quickly, since they would be very
similar to those in this thesis. The polysaccharide-based nanoclusters would
have a local environment for the target protein that is more like current
chromatography resins, and thus could possibly leverage more of the current
chemistry.
Development of non-cell binding nanoclusters - Much of the value of the
magnetic nanocluster based separations comes from their ability to
accommodate cellular debris, thus obviating centrifugation. For this to work,
the nanoclusters must not bind to cells. Based on the theory developed in
Chapter 4 for cell binding, if nanoclusters are developed for affinity
separations, and the surface coating is not hydrophobic or bind to cell surface
proteins, the nanoclusters should not bind to cells. In the experiments in this
thesis, when uncharged, PEO based nanoclusters were used, they did not bind
to cells, but they also did not have affinity for protein, and were not useful.
* Experimental proof of viral clearance, and process development - In the
appendix at the end of this chapter, a model of viral clearance by magnetic
nanoclusters is developed, and good viral clearance is predicted. However,
none of the model results have been experimentally verified. Thus the first
step is verifying viral clearance experimentally, followed by process design to
fully exploit this technology.
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Development of nanoclusters for plasmid DNA purification - One of the
interesting applications that arose out of customer interviews'3 was the
potential for recovery of plasmid DNA from fermentation for use in gene
therapy. Since DNA binding is much more readily predicted than protein
binding, nanoclusters for the purification of plasmid DNA would be an
interesting first target for affinity separations. It may be possible, for
example, to immobilize complementarily oligonucleotide sequences on the
surface of the nanocluster that bind to the plasmid. If this method can be
developed, it is simple and inexpensive to obtain oligos for specific
applications.
6.6.2 Development
In addition to research tasks, some development tasks need to be done to assure
that the results in a research environment will be applicable to a real processing
environment. The most pressing of these are:
* Validation of multiple cycles of protein separation - As was shown in
section 6.2.2, the variable costs of using the nanoclusters depends strongly on
the number of times they can be reused. Thus development and optimization
of reuse is very important. In this thesis, it was assured that after a protein
separation cycle that the nanoclusters could be recovered for reuse. In
addition, repeated uses were examined for model systems. Before use in a
real process however, the performance of the nanoclusters over many cycles
of purification must be validated, to assure that they can indeed be reused
many times.
* Scale up and optimization of nanocluster synthesis and cleaning - Up to
this point, the methods for synthesizing the nanoclusters has been focused
solely on creating high quality product. In a real production process,
however, the cost of synthesizing the nanoclusters will become more of an
issue. Thus the batch time, batch conditions and particle concentration in the
reaction will have to be optimized. It is likely that the synthesis can be done
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more quickly and at higher concentration, allowing improvements in the
productivity of the synthesis. In addition, an optimized process for removing
small, hard to capture nanoclusters while still obtaining a good yield of the
proper sized nanoparticles will need to be developed. Since capture is very
strongly dependent on size in the diffusion limited regime, separations where
the cut off diameter is at the diffusion limit will result in the sharpest
separations. Thus the use of low magnetic fields and low bulk concentration
by washing trapped particles with water are potential ways to get this good
separation. The theories developed in Chapter 3 should be particularly useful
in predicting the best conditions for nanocluster cleaning.
6.6.3 Business development
Finally, the first steps need to be taken along the long path towards
commercialization. In the innovation theories section, a broad outline of the early tasks is
provided, but the most pressing tasks that must be done first are:
* Find lead users in industrial protein purification - The most pressing need
for development after the basic process is developed is to find lead users with
difficult problems to solve. These users will be the most motivated to work
with a new company to develop a new process. In this way real market
feedback of the needs of the nanoclusters will be obtained, and further
development can be focused on the most pressing needs of real applications.
* Make initial contacts to customers in therapeutic manufacturing - Even
though it will be far in the future before magnetic nanocluster based
purification methods are validated well enough for use in therapeutics, it is
essential that end users know of the development as it occurs. In that way,
when the product is ready for an entry into the mainstream, it will not be a
new idea. Thus, the users will be more comfortable that the technology has
promise, and will not disappear in the near future.
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6.7 Conclusion
In this capstone chapter, the important issues to commercialization of magnetic
nanoclusters for protein purification have been outlined. There is significant potential for
this innovation to create considerable value, particularly in certain mass transfer limited
applications in difficult environments. Markets in the purification of biological
therapeutics allow a large portion of this value can be captured as long-term profits, but
are difficult to enter. The initial strategy for commercialization looks to be as a start up
company, or as a spin off of a large organization that is not currently making
chromatography resin, with a target market at the low end of the current market. Finally
viral clearance is a good candidate for the application that bridges the gap between the
initial market and the final mainstream market. There is a significant amount of research
and development that must be done before this long path is started. With the research
done in this thesis as a starting point, hopefully this technology can make a significant
technical and economic impact in the future.
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Appendix A Virus Clearance with Magnetic Nanoclusters
A.1 Introduction
In Chapter 4 it was found that nanoclusters bind to cells, even at conditions where
the overall cell charge repulses the nanocluster. A simple model based on the interaction
energy between a protruding protein on the cell surface and a nanocluster was developed,
and it was shown that nanoclusters can bind to cells at conditions where larger micron
sized chromatography beads do not. While this is a negative result for protein
separations in whole cell broth, it may be prove useful in cases where binding of an entity
with an overall charge that repulses the nanocluster is desired. Here the example of virus
removal via protein binding on the viral surface is examined for both nanoclusters and for
traditional chromatography beads.
A.2 Model Equations
Unlike the model in Chapter 4, the goal here is to quantitatively predict the
fraction of viral particles bound to the nanoclusters. Rather than calculate the overall
energy as was done in Chapter 4, the known equilibrium binding of free protein is
modified by the electrostatic repulsion of the nanocluster and like charged viral surface.
The repulsion energy is:
Ue =4 R+c j( )2 ln( l+ exp(- )) (A-l)
where s is the surface separation distance between the particles, y is the surface
potential of an isolated particle, which is approximately the zeta potential of the particle,
AK is the inverse debye length, is the dielectric constant, and is the permitivity of free
space and RV is the virus diameter and Rc are the cluster diameter. With this repulsion
energy, the relative affinity of the particle for a free protein and a protein on the surface
can be found by setting s equal to the radius of the protein.
The overall reaction for protein binding is:
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Ps b +Pb Is(A-2)
where P is the protein, I are the ions exchanged, z is the number of ions exchanged, the
subscript s is for protein or ions in solution, and the subscript b is for the bound species.
The equilibrium constant for free protein (not on the viral surface) is thus:
K = [Pb ][] (A-3)
[Ib ] [P]
and the ratio of the bound protein to the free protein is:
[Ps ]-, ¢K [PI I1, ) (A-4)
For the rest of the analysis, it is assumed that the ionic strength is high and the fraction of
the nanocluster surface covered by bound protein is small enough that binding does not
change the ion concentrations significantly. Thus the ratio of the bound protein to the
free protein is proportional to the equilibrium constant.
If we assume that the free energy of binding for the viral protein and the
nanocluster is simply the free energy of binding of the free protein and the nanocluster
plus the electrostatic interaction, we can estimate the fraction of the viral protein bound
from the fraction of free protein bound at the same conditions:
Kf = exp- AG (A-5)
The equilibrium constant for the protein on the viral surface is:
K,, = exp AG + Ue (A-6)
where Ue can be found from equation A-1. The ratio of the equilibrium constants and
thus the ratio of the bound/free protein on the virus as compared to the free protein is:
Kf exp T (A-7feP A7
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The ratio of free (mg/mL) to bound protein (mg/gparticles) at low nanocluster coverage is
known at ionic strengths of 0.2 and 0.4 to be 0.83 and 0.15 respectively from the
drosomycin and cytochrome-c binding isotherms. Here we assume that the ionic strength
of the environment is 0.3M. Assuming that the equilibrium constant is a linear function
of 105, the ratio of bound to unbound protein in solution is 0.45.
Since the virus has many proteins on the surface, but only one nanocluster needs
to bind to the virus, the fraction of virus that has no nanoclusters bound is:
US = P, ) (A-8)
Thus the viral clearance in log reduction is:
C - /log j (A-9)
With these models, the log reduction can be calculated from a simple electrostatic
model and known equilibria for adsorption of proteins from free solution.
A.3 Model Results
The first step in modeling the binding between a virus and a nanocluster is to
estimate several important parameters. As a base case, the diameter of the virus was set
at 100nm, the diameter of the protein at 4nm, the fraction of the surface that is protein at
2%, the magnetic nanocluster concentration at O.lwt%, the ionic strength at 0.3M with
the nanocluster size 20, 50 and 100nm, and the size of the chromatography bead set at
100tm. All these parameters were then varied from this base case. In all cases, the
virus, nanocluster and chromatography bead have a zeta potential of-30mV.
Since this analysis is primarily to see if nanocluster binding is more favorable
than traditional chromatography, the first variable explored was particle diameter, as
shown in Figure A-1. Since the protein binding is unaffected by the particle size, but
electrostatic repulsion is increased as the particle size increases, the log reduction is much
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higher with smaller nanoparticles. The lower size explored was 20nm, which represents
a single nanoparticle. While 20nm magnetite particles cannot be captured by HGMS, this
application is performed with much smaller volumes of higher valued product than the
protein recovery explored in the thesis, and it may be worthwhile to use more expensive
nanoparticles such as cobalt-ferrite or iron, which can be captured as single nanoparticles.
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Figure A-1. Calculated log reduction in virus as a function of cluster size for 100nm and
50nm viruses. Smaller clusters have a higher affinity for the virus, due to a lower
electrostatic repulsion with the viral surface.
Since the size of the virus can vary quite a bit, the effect of virus size was also studied, as
shown in FigureA-2. As the virus size increases, the total number of proteins on the
surface increases, which increases n in equation A-8, and increases the virus clearance.
However, when chromatography beads are used, the electrostatic repulsion is roughly
proportional to the size of the virus, and as the virus size increases the equilibrium
constant drops. With chromatography beads, there is a trade off in virus size, and a
maximum viral clearance is found at about 70nm. The nanoclusters are nearly the same
size as the virus, and increasing virus size does not drastically increase the electrostatic
repulsion, and larger viruses can be cleared more easily.
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Figure A-2. Effect of virus size on Log reduction. Larger viruses have more protein sites
to be bound, and are thus more likely to have a nanocluster bound, while larger
chromatography beads have a stronger electrostatic repulsion with larger viral particles
and reach a maximum clearance at about 70nm.
As the magnetic nanocluster concentration is increased, the fraction of protein that
is bound increases, which increases the viral binding. While the viral clearance increases,
the amount of the free protein bound also increases, so a trade off is expected. All
calculations were done assuming that the number of binding sites on the nanoclusters is
much higher than the sites that are bound to protein. When high free protein
concentrations are present, this approximation will break down and the binding at high
coverage will need to be calculated. However, the basic principle that as magnetic
nanoparticle concentration is increased, more of the protein and virus are bound is
generally true.
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Figure A-3. Effect of magnetic nanocluster concentration on viral clearance, assuming
that binding is in the linear regime. As the nanocluster concentration is increased, the
fraction of virus bound increases.
While the preceding calculations indicate that virus can indeed be bound by
magnetic nanoclusters at conditions where column chromatography fails, the virus will be
in the presence of other proteins. What is needed is some condition to bind the virus
without binding the protein, or binding both but preferentially eluting the free protein.
When the ionic strength dependence of virus binding is calculated, an interesting result is
found. Even when purely ionic binding is assumed (i.e. no hydrophobic interactions) the
binding of virus increases as the ionic strength increases, even though the fraction of free
protein bound falls dramatically. This is due to the electrostatic repulsion, which is
decreased by increasing ionic strength. Thus at 0.3M ionic strength, greater than 99.9%
of 100nm viruses are bound to 50nm nanoclusters, while less than 30% of the free protein
is, due to multiple interactions with the nanocluster. Thus if binding is performed at
0.3M, a 3 log reduction of virus can be obtained while 70% of the protein is unbound. If
the nanoclusters are eluted with 0.3M NaCl repeatedly, only 0.1% of the virus will be
lost, but 70% of the protein will be recovered, and after several such elutions, nearly all
the virus will be captured but nearly all the protein will be eluted.
261
6
C>
. 4
4C0
a)o
-J
o(DCO
0)
0 0.1 0.2 0.3 0.4 0.5
Ionic Strength (M)
Figure A-4. Effect of ionic strength on virus binding. As the ionic strength increases,
protein binding affinity is reduced, but electrostatic repulsion is also reduced. Thus at
higher ionic strength, most protein will not be bound, but most virus will, due to
multipoint interactions. Washing of bound nanoparticles with high ionic strength buffer
will elute bound protein while retaining viruses.
While the above discussion indicates a method for selectively removing viruses
from a protein solution, for completeness the effect of the other estimated parameters was
performed, as shown in Figures A-5 and A-6. As the fraction of the surface that is
protein increases, as expected viral clearance increases. As the protein on the surface
becomes larger at a constant fractional surface coverage two effects occur. When the
protein is larger, it protrudes from the surface further, and thus the electrostatic repulsion
decreases. However, the total number of proteins decreases and the clearance decreases.
When very large proteins are on the surface, column chromatography performs as well as
the nanoclusters, while small surface proteins will bind only to the nanoclusters.
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Figure A-5. Viral clearance as a function of protein surface density. When more protein
is present on the surface, the fraction of viral particles bound increases.
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Figure A-6. Effect of protein size on viral clearance. As the proteins on the surface
become larger, the electrostatic repulsion is reduced, particularly for large particles. The
total number of proteins on the surface also is reduced, which reduces the overall binding.
A.4 Proposed Process
Based on the results of the model, the following simple process is proposed.
1. Add the magnetic nanoclusters to the protein and virus mixture
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2. Pass the solution through HGMS
3. Wash the column with high ionic strength (-0.3M NaCi) until protein is
no longer eluted
4. Elute the nanoclusters with high pH, low ionic strength to remove the
virus.
After the virus is desorbed, the nanoclusters will most likely be discarded to avoid
contamination of later batches, which would require relatively cheap nanoclusters.
One of the major assumptions of the process outlined is that there are no
hydrophobic interactions between the protein and the nanocluster, and thus high ionic
strength buffer easily elutes the protein. The nanoparticles would have to be made with
polymers that have no hydrophobic domains. Thus vinylsulfonic acid/acrylic acid
copolymers would be used and the PEO shell should have no PPO.
A.5 Conclusion
With a simple model combining experimental protein binding isotherm data and
well known electrostatic repulsions of unequal sized spheres, the capture of virus from
solution has been predicted. While the model has several estimated parameters and is an
oversimplification of the actual binding mechanism, it does show that the binding affinity
of viruses for nanoclusters is considerably higher than for traditional chromatography.
Due to multi-point interactions, the affinity of the virus for the nanoclusters is
significantly higher than the affinity of free protein for the nanoclusters, particularly at
high ionic strength. With these findings, a simple process for viral clearance where virus
and proteins are bound, and proteins are selectively eluted has been outlined.
Experimental validation of the model and estimation of the parameters would be useful to
see if this conceptual design is feasible in a real bioprocessing environment.
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